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ABSTRACT 


A compilation and an analysis of helicopter handling qualities data 
are presented. Volume One contains a collection of basic descriptive 
data, stability derivatives, and transfer functions for a six-degrees-of - 
freedom, quasi -static model. This, the second volume, analyzes those 
data using multi -loop manual control methods . A general compensatory 
loop structure is applied to coupled longitudinal-lateral-directional 
equations in such a v/ay that hey handling qualities features can be 
examined directly. But the overall mat hem.ati cal complexity is reduced 
from that of the basic vehicle model. Extensive use is made of con- 
strained state variable relationships and approximate factors in order 
to gain physical insight. 
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SECTION I 


INTRODUCTION 


This volume presents a collection of closed- loop pi lot- vehicle analyses 
based on the compiled helicopter handling qualities data presented in 
Volume One. The main purpose of this volume, in fact, is to serve as a 
guide to one use of the compiled data. 

The approach taken utilizes elements of multiloop manual control theory 
with examples of representative helicopter vehicle dynamics to address 
important handling qualities aspects . In order to focus our efforts on 
a relevant application we are addressing handling qualities in the context 
of low-level, low-speed Army helicopter missions, especially in the nap- 
of-the-earth (NOE) environment. 

The emphasis is distinctly on the method of analysis rather than on the 
specific numerical results obtained. While the basic data were obtained 
from each respective airframe manizfacturer and therefore are presumably the 
best data available, certain inherent modeling limitations, nevertheless, 
are recognized. For example, all the data are based on a six-degrees-of- 
freedom set of equations of motion with quasi-static representation of the 
rotor tip path plane. While revealing some important cross coupling 
features, this form neglects short term control lag effects connected with 
the rotor degrees of freedom*. Where possible, flight test data have been 
used to qualify certain analytical results obtained. The general analytical 
approach, however, is not tied to a given level of mathematical complexity 
and could be used with higher-order models. 

Use of a closed- loop pilot-vehicle analysis technique has allowed us 
to go considerably beyond the behavior of the strictly open- loop system 
which is demonstrated by the conventional bare airframe response modes. 


* Short term control lag effects associated with the rotor degrees of 

freedom can be included, to some extent, in the effective time delay which 
will be introduced subsequently in connection with the crossover model. 



Our has been to look at handling characteristics in terms of what the 

pilot perceives when manually controlling the helicopter. In doing so, we 
conclude that including the pilot- in-the-loop does not necessarily intro- 
duce complication but in some ways its inclusion tends to simplify the 
system analyses, especially where multiple loops are involved* 

For the most part the analysis methods used are not new. They have 
been borrowed from various applications to other vehicles and operating 
conditions. Also, most of the features of helicopter flight dynamics 
identified here have been well known for some time. The material presented 
is a systematic description of multiloop analysis applied to several 
examples of cross-coupled helicopter vehicle dynamics. As a result a 
number of conclusions can be drawn regarding hand l ing qualities metrics 
and simulator modeling. 

The methods for performing multiloop analysis and the format used to 
describe vehicle dynamics are described in detail in Ref. 1 . Manual control 
theory ideas which served as a guide are summarized in Ref. 2. The reader 
may wish to consult these two sources for a general background. 

In preparing this volume only a small portion of the compiled data 
in Volume One was used. In most cases only hover and 6o kt nominal loading 
flight conditions were analyzed. At the same time, an effort was made to 
search for interesting and significant features. Some of the items found 
include an analytically pathological roll response ter.dency at high rates 
of climb and a point of maximum sensitivity to horizontal wind shear in 
the low- speed range. 

The report is organized in a manner which divides handling qualities 
aspects into well-defined groups. Following a general discussion of pilot 
loop structixre topics (Section II), the handling qualities features are 
addressed according to inner- loop (attitude regulation) features (Section 
III), outer- loop (position/velocity regulation) features (Section IV), and 
gust disturbance effects (Section V). Vehicle stability and control 
augmentation effects are discxissed in Section VI. The report ends with a 
summary of conclusions and recommendations (Section VII ). An appendix is 
provided which s umma rizes transfer functions appropriate for viewing 
specific handling features . 
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SECTION II 


QMSBkL PILOT-VEHICLE LOOP STKUCTURE 


In the following pages we shall discuss the features of the pilot- 
vehicle loop structure to he used in the subsequent handling qualities 
analyses. In formulating this structure, we shall utilize results from 
the investigation of multiloop manual control theory in order to choose a 
pilot model of minimal complexity but at the same time to reveal important 
closed- loop handling features. 

We begin by defining certain piloting objectives which help us to 
formulate an assumed piloting technique. Then we discuss features of the 
pilot model itself and especially its numerical definition. Other concepts 
useful in subsequent sections are also discussed including the use of 
constrained variables as a device for simplifying the multiloop system and 
identification and labeling of response modes. 

A • PILOTING OBJECTIVES 

In this study the piloting objectives are expressed so as to be relevant 
to low-level flight while at the same time recognizing the limitations 
of the helicopter mathematical model involved. In particular, we address 
nap- of- the- earth (NOE) operation which is defined in Ref. 5 as "flight as 
close to the earth’s surface as vegetation or obstacles will permit, and 
generally following the contours of the earth." According to Ref. k, much 
of the time in a typical NOE mission is spent in very slow flight or hover 
with occasional accelerations to higher speeds when dashing across open 
areas. When flying in close proximity to the ground, the pilot must be 
constantly aware of rotor clearance to obstacles and must be able to judge 
whether to go around, between, or over obstacles. While operations can 
take place during night and day conditions, essentially all visual informa- 
tion available to the pilot is from outside reference. Aural or vibrational 
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cues, such as rotor rpm, may be used, but head- down cockpit reference is 
not involved. 

Working within the context described above, our pilot- vehicle analyses 
involve only those state variables corresponding to outside visual reference, 
that is, attitudes defined in terms of body Euler angle rotations and 
translational components in terms of an earth- fixed reference system. The 
effects of varying airspeed are addressed, in general, by considering flight 
conditions at hover and 6o kt. 

Pilot-vehicle analyses are applied in the context of short- to mediimi- 
term maneuvering and regulating operations of the helicopter. We exclude 
the long-term trimming or configuration change effects. Also, because of 
model limitations, we must limit the pilot's actions to use of basic fli^t 
controls and assume that the pilot is taking appropriate measures to regu- 
late rotor rpm effectively (in the model, rotor rpm is constant). In this 
context, the function of the pilot's basic flight control loop structure is 
to (l) stabilize and regulate attitudes and (2) regulate position (or 
velocity) . 

The attitude loop structure consists of roll, pitch, and, where applicable, 
yaw regulation. Such regulation can range from being highly precise to 
the point of merely staying right- side- up. We make certain assimptions 
regarding precision of the attitude regulation depending upon the piloting 
task and the degree of simplification required. The loop structxire con- 
nected with regulation of yaw depends upon whether we are considering a 
hover or forward flight condition. In hover, yaw must be regulated actively; 
while in higher speed forward flight, yaw regulation is unnecessary if 
directional (sideslip) stability is adeqmte. The aspects of inner loop 
regulation will be fully discussed in Section III. 

Regulation of position or velocity constitutes the outer loop structure 
and must be addressed subsequent to applying appropriate inner loop regu- 
lation. The distinction between position and velocity regulation is 
crucial in terms of the degree of pilot compensation required. Naturally, 
position regulation refers most directly to near-hover conditions while 
velocity regulation is more appropriate to forward flight conditions • Outer 
loop regulation will be the subject of Section IV. 


4 



B. ASSUMEID FILOTINO TECHNIQUE 

In general, a normal helicopter piloting technique will be assimed, 

1 • G • ^ ! 

• Pitch attitude controlled by longitudinal cyclic 
stick 

• Roll attitude controlled by lateral cyclic stick 

• Yaw controlled by rudder pedals (at low 
speeds ) 

• Longitudinal position or velocity controlled by 
commanded pitch attitude 

• Lateral position or velocity controlled by 
commanded roll attitude 

• Altitude or flight path angle controlled by 
collective stick. 

This structure is depicted in block diagram form in Fig. II- 1 . It will 

be shown by analysis that the determining feature in closed- loop pilot- 

% 

vehicle dynamics is the implicit loop structure itself rather than the 
explicit pilot gains and compensation. In other words, under certain 
conditions it is siifficient to recognize only the fact of active pilot 
regulation rather than the numerical value of a gain representing that 
regulation. This is not to say that specific features of the overall 
pilot loop structure will he neglected. We will, in fact, look at pilot 
compensation requirements and note where manual control difficulties could 
he expected. For the most part, though, pilot model complexities will be 
minimized in order to concentrate on airframe-related characteristics . 

C. AflPBCIB OP MUUniOOP MANUAL CONTROL THEORY 

Our objective in applying manual control theory to helicopter vehicle 
dynamics is to reveal handling quality features in as realistic a way as 
possible. A secondary objective is to focus on individual aspects of 
handling qualities so as to separate potential handling qualities problems . 
One approach to this is to consider the pilot-vehicle system as a 
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Pilot Control Strategy Vehicle Dynamics 
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Figure II- 1 . Ass\imed Pilot-Vehicle Loop Structure for Low Speed Flight 










compensatory* control sitioation and to apply the "crossover model"^ or 
extended crossover model in a miiltiloop sense. 

The crossover model, as described in Ref. 5 , is a giiide to setting 
numerical values for closed- loop control system compensation, where the 
pilot is assumed to be the essential element of that compensation. We 
shall review the details of the crossover model shortly. 

The successful extension of the crossover model to multiloop control 
situations is described in Ref. 2. In fact, we utilize direct experimental 
results from pertinent multiloop manual control experiments in order to 
set numerical values for pilot-in- the-loop features in the analyses to 
follow. These experimental data consist of the investigations reported 
in Refs. 6 through 10. 

D. APPLICATION 07 THE! CBOSBOVER M3LSL 

It will be useful to review briefly the application of the crossover 
model to the manual control situation. The crossover model is described 
in detail in Ref. 11, but we can summarize the main points as follows. 
First, consider the pilot-vehicle combination expressed in vector block 
diagram foma according to Fig. II-2. The controlled element, Y^, is 
specified in terms of the helicopter mathematical model. Our task is to 
establish an appropriate pilot strategy, Y^; to do so we can utilize the 
so-called primary mile of thumb from Ref. 5“ 

"At frequencies just within and beyond the input band- 
width, seek or create (by equalization) a fair stretch of 
- 20 dB/ decade slope for the amplitude ratio and adjust 
the loop gain so as to put the unity- amplitude crossover 
frequency near the higher edge of this region, while 
maintaining adequate stability margins." 


* Control action depends only on perceived errors in states — precognitive 
actions and pursuit tracking (e.g., control cross feeding) are not 
involved. 

t The name "crossover" refers to the frequency range of validity where 
the model’s open- loop amplitude ratio "crosses over" unity. 
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In applying the primary rule of thumb it is convenient to have an 
established value for the desired crossover frequency, o)^. As mentioned 
previously we shall rely heavily on observed crossover frequencies from the 
experimentally derived data previously referred to. For inner loop control 
we shall regard a reasonable level of regulation as having a crossover 
frequency range between 1 and 2 rad/sec. For outer loops (position, 
velocity) we shall consider 0.2 to 0.5 rad/sec as an appropriate crossover 
frequency range. Any more preciseness in specifying loop tightness, 
fortunately, will be unnecessary. 

We should add that the choice of crossover frequency cannot be completely 
arbitrary. If is too low then the closed- loop response of the regulated 
state variable is sluggish and the disturbance error suppression ineffective. 
On the other hand, if o)^ is too high, precision suffers from pilot-induced 
noise or remnant and, in the limit, system instability results. Even if 
remnant is low, then the system stability is limited by effective delays 
in the pilot and controlled elements . Methods for rationally determining 
are available as exemplified in Ref. 12, but this degree of sophistica- 
tion is considered unnecessary for our purposes. Hence, we make use of 

experimentally determined cd * s . 

c 

In addition to requiring a choice of crossover frequency, the crossover 
model also calls for an effective time delay, which is normally on the 

order of 0.3 sec for a purely visual compensatory task not requiring low- 
frequency lead compensation.* Based on the following sketch from Ref. 2, 
we can see that Xg increases with increasing pilot lead, i.e., an increase 
in slope of versus o) at the crossover frequency. 

Ir 



* The forcing function bandwidth is assxnned to be much less than 1 rad/sec. 
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In the interest of maximizing mathematical simplicity we shall selectively 
include the effects of only where it is significant. Use of a six- 
degree-of- freedom quasi- static model, of course, automatically sets a 
limit on the validity of our analyses in the high frequency range because 
rotor system lags are neglected. 

Let us conclude our review of the crossover model by considering an 
example. Suppose that roll response due to lateral control is given by: 

f = TiV o.o'f!(s + 1.5) (iisa/ln) (II-l) 

/ / 

Spiral Roll 

Mode Mode 


In order to achieve = 2 rad/sec, would require first-order lead 
compensation at 1 .5 rad/sec because of the presence of the roll mode so 
as to make: 


0 ), 


-T^S 


Y Y 
p c 




This implies that 


(11-2) 


and 


Y = K (s + 1.5) 
P P 


(II-3) 


d 


db 


! p 



d in(o)) 



+10 


(II-4) 


* The crossover model here is written in terms of the Laplace operator, 
s, to emphasize that it is valid for a broad class of inputs; however, 
Yp in the crossover model is strictly valid only in the frequency 
domain when it is based on describing function measurements . 
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Thus from the above sketch. 


T 

e 


0 .^ sec 


(II-5) 


and 


K 


1 .2 


1 .67 


in . 
rad 


(II-6) 


The open-loop Bode plot of YpY^ is sho\^n in Fig, II -3 and t^o varieties of 
root locus plots (Bode root locus and conventional root locus) are shown 
in Figs. II-4 and II-5, respectively. We would expect this to be an example 
of a good loop closure since (i) a generous amount of phase margin (approxi- 
mately 45 deg) exists at the assumed crossover frequency, and (ii) a large 
amplitude ratio is present at low frequencies (nearly 30 db) . The most 
direct impact on pilot opinion would probably be associated with the anti- 
cipation involved in the lead compensation, although the lead in this 
situation would have only a slight adverse effect according to the results 
presented in the following sketch from Ref. 2 for pilot rating decrement 
versus order of lead equalization. 



E. USE OF A FURS GAIN PILOT tCDEL 

The form of pilot compensation is a fundamental aspect of the closed- 
loop pilot- vehicle analysis described in this report. It is desirable to 
introduce the pilot in a way that will minimize added system complexity. 
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Spiral Mode 
(Right half plane) 



Figure II-3. Conventional Bode Plot Illustration of Crossover Model Example 




Figure II— 4*. Bode Root Locus Illustration of Crossover Model Example 





Closed loop 
roll mode 



Figure II-5. Conventional Root Locus of Crossover Model Exanple 




strict use of the crossover model, however, forces consideration of a 
variety of pilot compensation possibilities in each loop thereby increasing 
system order and adding new variables . 

We can avoid this increased complexity, though, by making use of a 
corollary of the crossover model which can be stated as follows . First, it 
has been experimentally determined that all human operator loop closures 
lead to crossover-model- like characteristics, i.e., is adjusted to make 
|y Y^l like 1 k/s| . Second, the lo^jest pilot >?orkload seems to be imposed 
\^hen = k/s These t^o ideas taken together imply that the pilot desires 
to function with only pure gain compensation. Further, if a pure gain pilot 
compensation cannot produce suitable closed-loop dynamics then a handling 
problem is indicated. 

Hence, we shall use a pure gain pilot to explore various handling 
equalities features • If good closures cannot be produced using pure gain 
compensation then we can assume the pilot would have to adjust his strategy 
with the penalty of correspondingly higher workload. Most importantly, 
vehicle features which would force a departure from a pure gain can there- 
fore be considered as significant handling qualities features. 

7. USE 07 COESTBAIIIED VARIABLES 

Our approach to analyzing handling qualities relies heavily on the use 
of ideally constrained (i.e., perfectly regulated) variables for a number 
of reasons. The main advantage is that it greatly simplifies the mathemati- 
cal relationships while at the same time it retains important aspects of 
the full six-degree-of-freedom quasi-static vehicle model used here. F-urther, 
it enables us to dwell on the airframe features rather than to introduce 
an unnecessary nutiiber of pilot-related parameters . 

The process of artificially constraining variables is an idealization 
of the pilot ^ s role in each of the loops. For example, by constraining 
pitch attitude we mean to represent the essential results of a pilot (or 
autopilot) regulating pitch attitude. Historically, this technique was 


* A "rate command” controlled element. 
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applied in the analysis of aircraft dynamics at am early stage (Refs. 13 
and 14) and is equally useful in the application considered here. 

Prior to using constrained vairiable relationships we need to consider 
their limitations . This can be done in a general way, but we will only 
illustrate the general approach using heuristic examples. These examples 
will be adequate to show the nature of any limitations involved but will 
not detract from the main objectives of Section III and IV — to analyze 
aspects of inner loop and outer loop regulation in helicopters. 

Three kinds of constrained variable relationships which are of 
interest include: 


• Direct commanded response 

• Off-axis cross coupling 

• Direct control response vri.th off-axis regulation. 


These are exemplified by (i) e/e^ with 0 (ii) cp/e^ with 0 

and (iii) e/s^ with cp — ►-5^, respectively. Figure II -6 shows corresponding 
block, diagrams, and Table II- 1 indicates how well each is characterized by 
numerator ratios . The key to showing conditions of validity for constrained 
variable relationships is assumption of cross-over-model- like behavior 
in the pilot- vehicle, e.g., for 0 — regulation in the region of 
crossover: 





(II-7) 


The implications of Table II -1 are significant. First, in cases where 
we desire a reasonable approximation to commanded attitude response we can 
express it in terms of crossover model parameters, i.e., crossover frequency 
and effective delay. For example, assume 0 )^^ = 1 .5 rad/sec and t = 0.3 sec. 


® signifies pitch attitude, 0 , controlled by longitudinal 

cyclic, 6 b. 
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TABLE II- 1 


EXAMPLES OF CLOSED LOOP RELATIONSHIPS 
(Simplified Expressions) 


DIRECT COMT'lAr'roED' RESPOIISE OFF-AXIS CROSS CODTEIKG 


DIRECT CODTFtOL RESPONSE WITH 
OFF-AXIS REGULATION 


CIjOSED-IDOP 

QUA.NTITY 


with — ►“D. 
tg A 
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then. 


A ^ 1 - 0>15 s 

®c 0.1 + 0.52 s + 1 


(II -8) 


i.e., = 5.2 rad/sec, ^ = 0 . 82 . Next, for cross-coupling characteristics 

we can use a simple numerator ratio in combination with the direct commanded 
response, or 





(II- 9 ) 


Finally, off-axis regulation can be included in a direct control response 
transfer function such as by simply using the appropriate coupling 

numerator ratio. Thus to include the effects of roll regulation in the basic 
pitch response, 




>A&B 




( 11 - 10 ) 


Hence, the off-ajcis control numerator becomes the transfer function 
denominator . 
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G. IDEZrUIFIGATION AND lABELHiG OF BESFOHSE MDDES 


It is frequently convenient to assign labels to dominant inodes. Nor- 
mally, there is little difficulty in doing so if longitudinal equations of 
motion are decoupled from lateral-directional ones . In the case of six 
degrees of freedom (or more) we must consider a more rigorous procedure 
for determining dominant modes. The following approach serves our purposes. 

The method we shall use to identify response modes is based on the 
assumption of a conventional transfer function form for a closely related 
state variable- cockpit control combination, e.g., 0, and 6^. As long as the 
longitudinal- lateral- directional coupling is not too extreme, we know that 
the numerator- denominator combination should have an effective minimal 
degree of freedom form although it involves a member of approximately 
cancelling dipole factors. As an example, consider the 0H-6 a in hover: 


-.74(0.02 )* [-.o5;0.5](o.24)(0.9)(5.0) 
[0;0.4](2.0) [-.o5;0.5](o.23)(o.8)(4.9) 


Effective 
minimal 
degree of 
freedom form 


Approximately 
cancelling dipole 
factors 


(ii-ii) 


The effective minimal degree of freedom form can be easily related to normal 
dominant modes. In the case above, the second order roots are clearly 
the phugoid, and the first order is pitch damping. All other denominator 
(poles) roots are nearly cancelled by respective numerator roots (zeros). 
These other roots must be identified by con:3idering appropriate transfer 
functions . For example, to identify roll damping we would use the cp/b^ 
transfer function. 


* The following shorthand will be used to express polynomial factors: 

A A 2 2 

(a) = (s + a) and [^,0] = [s + 2^o)S + od ] (II-I 2) 
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Mode la^bel formulation is svcnmarized in TalDle II-2. In addition to 
considering basic open- loop denominator inodes we also assign labels to 
certain numerator roots which ultimately become response modes in a closed- 
loop sense, e.g., surge (or speed) damping does become a response mode 
when pitch attitude is regulated. Also, we take the liberty of applying 
conventional labels in other than purely open- loop transfer functions. 

For example, ph\igoid and pitch damping labels are used for denominator 
factors in the s/bg transfer function where roll and yaw are constrained. 
This is convenient for keeping track of important response modes as loops 
in other axes are variously closed. 

A note of caution — this procedure cannot be considered as exact nor 
c3oes it always apply. In many cases response modes cannot be identified 
such as when the response deviates too far from the norm, when two modes 
are very close in numerical value, or when augmentation significantly 
changes the complexion of the pole- zero form. 
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TABLE II-2. MODE LABEL FORMULATION 
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first order factor, [ ] second order factors, {( D’^approximately cancelling dipole factors. 

mode label according to the following key; P - phugoid, PL - lateral phugoid, PD - pitch daxnping, R ~ roll damping, YD - yaw damping 

SP - short period, D - dutch roll, S - spiral, SD - surge damping, LD - sway damping, 

HD - heave damping 



SECTION III 


HmR LOOP HEGUIATION 


A. BACKOBOUND 

In this section we discuss how helicopter handling qualities related to 
inner loop regulation (roll^ pitch, and yaw regulation) can be put in the 
context of the overall pilot- vehicle. To do so we treat inner loop aspects 
in terms of (l ) primary control response and (2) cross coupling effects. 

We shall show that primary control response features for a coupled 
longitudinal- lateral- directional system are, in fact, essentially similar 
to the more conventional two- and three-degree- of- freedom descriptions 
(e.g., as variously described in Refs. 1 , 15^ I6, 17 ^ I8). Our main 

task will be to reduce the apparent complexity of high order transfer 
functions coupled with m\ilti-axis manual loop closures. One point of 
interest will be the effect of off-axis regulation on each primary 
response mode, for example, the effect of roll attitude regulation on 
pitch attitude response. 

In dealing more directly with cross- coupling effects, we exercise the 
six- degrees -of- freedom helicopter model combined with the pilot- in- the- 
loop. One aspect demonstrated is the variety of potential cross- coupling 
effects, and we propose a method for defining each in terms of an overall 
closed- loop metric which is devoid of an explicit numerical pilot descrip- 
tion. 

B. PRmEI CONTROL RESPONSE 

Primary control response for the inner loops refers specifically to: 

• Roll due to lateral cyclic stick, 6^ 

• Pitch due to longitudinal cyclic stick, 

• Yaw due to rotary rudder pedal, 6^. 
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Each of these responses is expressed in terms of an Euler angle* and 
respective cockpit controller deflection. 

In viewing any particular primary control response it will be important 
to deal effectively with the other two axes. That is to say, the primary 
response in one axis should be considered in the context of realistic 
regulation of the other axes. There are two compelling reasons for this: 

(i) There may be off-axis dominant modes which are 
lightly damped or even unstable which would 
unnecessarily complicate analysis of the primary 
axis . 

(ii) Regulation of off-axis variables may alter the 

transfer function of the axis in question — its 
gain, poles, and zeros. 

Among the following examples which exemplify the effects of off-axis 
regulation on primary pitch control response, we shall assume perfect 
regulation of roll attitude and yaw. This assumption permits the use 
of coupling numerator ratios to represent limiting values of the transfer 
function in Eq. III-l, i.e.: 


0 


&B 


9 





I -Y" 1\T® ^ 






0 9^ 


A + + Y.nJ 

cp 5 a t 6^ 


+ Y Y 


(lH-1) 


with regulation of roll attitude and yaw defined by transfer functions 
and Y^, respectively. Note that pitch response is simply 




^6B 

A 


(in-2) 


without regulation of roll attitude and yaw (Y^ “ = O)* 


^The standard aircraft Euler angle set as described in Vol-ume One. 


2k 



Also, 


_ 0 _ 


(III- 3) 




^Sb5a 

Sa 


with perfect roll attitude regulation but without yaw regulation (Y^ = O) 


Finally, 



N 


0 cp \|f 


BA&P 




with perfect roll attitude and yaw regulation where and are the 
pilot’s compensatory control actions in regulating roll and yaw. Accord- 
ing to Table II- 1, the assumption of perfect roll axis regulation is valid 
if 1 — (nT /N® iff ) is small in the frequency range of interest (say, 

6b &a Sa 

approximately 1 rad/sec). Similarly, perfect yaw regulation is valid if 

1 — (irf /N^ nJ ) is small. We can give an indication, by example, of 
6b 6p' 6 b 5p 

how good are the perfect regulation assumptions. 

As an example of the above let us consider the pitch attitude response 
of the 0H-6A in hover. Bor a six- degrees -of- freedom qmsi-static model the 
completely open loop pitch attitude- to- longitudinal cyclic control transfer 
function is: 


0 _ ^ _ -.737(0-0164) {(o.249)(o-892)(^-96)[-.o3^;0-33^]} 

^ ~ ” [0.001 ;0.4o 8](2.01 ) j(0.229)(0. 821 )(4.93)[-.028;0. 512]} 

P PD HD YD R PL 

^ V ^ 

Dominant Approximately 

Pitch Response Cancelling Dipoles 

The various response modes have been identified and are labeled according 
to the procedure outlined previously. Note that the lateral phugoid mode 
is unstable and would remain so even with pitch attitude perfectly regulated. 
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(The pair of zeros corresponding to the lateral phugoid is also in the right 
half plane.) This lateral instability would not exists however, with normal 
manual regulation of roll. Therefore, it is important to provide some 
degree of roll attitude regulation when describing pitch response. 

If perfect roll attitude regulation be implemented, then pitch response 
to longitudinal cyclic becomes: 


^5b5a 


9 


N; 


8a 


-.7^7(0.0161 ) |(0.255)(0.892)(0.0216)[ 

[-.008;0.595](1 .87){(0.252)(0.812)(0.0216)[ 
P PD HD YD LD 


(III-6) 


Dominant 
Pitch Response 


Appr oximat e ly 
Cancelling Dipoles 


The lateral ph-ugoid complex dipole pair disappears and a low frequency 
sway damping dipole emerges. But, more important to the pitch loop, the 
longitudinal phugiod is destabilized by the roll loop! 

If we also consider yaw regulation, the pitch response to longitudinal 
cyclic is f mother altered. This is shown in the limiting case of perfect 
roll attitude and yaw regulation ^ i.e., 


B 


Cp,t 


N 


.0 cp ^|/ 

5b5a5p 



-.7ij-6(O.Oll48) {(0.3to)(0.02l8)} 

( III-7 ) 

[-.125;0.l^7l](l.85){(0.358)(0.02l6)f 

P PD HD LD 


Dominant Approximately 

Pitch Cancelling 

Response Dipoles 


Two things occur, the yaw damping mode disappears and the phugoid becomes 
even more unstable. 
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For the same case as was iised in the previous examples, if Yq^ and 
are defined as a pure gain corresponding to 1 rad/sec crossover frequency 
for roll and yaw, then; 


-.737(0.016) {(0.333)(0.478)(6.28)07.5)[0.203;l.n]} 

[-.196;0.i^62](l.82)j(0.368)(0.i+64)(6.28)(l2.3)[0.202;1.12]j 

P PD HD 


Dominant 

Pitch 

Response 


Approximately 

Cancelling 

Dipoles 


Compare the dominant pitch response in Eq. III-8 with that in Eq. III- 7 . 

The sajne closed- loop features appear in the dominant pitch response as when 
perfect roll attitude and yaw regulation are assumed. The phiogoid damping 
is destabilized and the pitch damping is reduced slightly. 

To summarize, we have used an example of the pitch attitude response of 
the 0H-6A in hover to illustrate that: 

• Primary (pitch attitude) control response does vary 
with off-axis regulation. 

• The nature of variation in primary control response due 
to noimial off-axis regulation can be indicated by 
assuming perfect off-axis regulation. 

• Assumption of perfect off-axis regulation, in fact, 
simplifies the primary control response transfer 
function by reducing transfer function order (effec- 
tively, stabilizing lightly damped or unstable off- 
axis dominant modes ) . 

These results are motivation for looking at primary inner loop control 
response in the context of realistic manual off-axis regulation. Further, 
in creating this context, we have demonstrated that there is considerable 
advantage to assuming perfect off-axis regulation. Hence, these ideas are 
central to the analysis of primary control response for each of the three 
inner loop functions: pitch and roll attitude and yaw regulation. 
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In the following pages we do not dwell on handling qualities aspects 
related to the dominant response features. This is done in a comprehen- 
sive way in Ref. l6 for VTOL aircraft in general^ and specifically for 
helicopters in Refs. I 5 and 19 . The latter soiirce contains a detailed 
discussion of the long standing helicopter handling qualities military 
specification (KTL-H-8501 A, Ref. 20 ) in the context of the closed- loop 
pilot-vehicle . We do point out, however, those features of the five 
helicopters included in Volume One which are important to primary control 
response. 


1 . Pitch Axis 

The predominant features of pitch axis control for an unaugmented 
helicopter can be summarized in terms of the general form of the transfer 
fxmction given in Section II, i.e., for hover. 


SD HD 

Aa( ) {( ) 

[ ]( ){( ) 

P PD HD 


Approximately cancelling 
dipole factors 


} 


(III- 9) 


for forward flight. 




SD HD 


Ae( )( ){ 

[ ][ ]{ 

P SP 



Approximately cancelling 
^dipole factors 


fe-'^cs* 

] 


(III-IO) 


*A transport delay function has been added to the above expressions to 
indicate the existence of some effective lag associated with rotor system 
tip path plane dynamics and control system dynamics which are, of course, 
absent in the six-degrees-of-fl^eedom quasi-static form employed here. A 
similar effect is involved in the other control transfer functions. For 
simplicity, however, we shall omit this effective lag notation and absorb 
it in the pilot’s effective delay, t^. 
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The above form is meant primarily as a guide to arranging the transfer 
function factors which are cataloged in Volume One and^ if possible, assign- 
ing labels to those factors which are especially relevant to the pitch axis 
response. Although a separate form is shown for hover and forward flight, 
there is really a continuity between the two forms, because the pitch damping 
and heave damping modes, usually two first-order roots in hover, do couple to 
form a classical short period mode as forward velocity is increased. We 
shall consider the bridge between hover and forward flight more thoroughly 
in Section VII. 

a. Hovering Flight 


A survey of pitch axis response in hover for various helicopter examples 
with varying degrees of off-axis regulation is shown in Table III-l . This 
survey, as well as those to follow regarding other features, is meant 
primarily as an illustration of how the basic handling qualities data pre- 
sented in Volume One can be viewed, and is some indication of how the 
handling qualities features are likely to vary among several vehicles. In 
this table dominant transfer function factors are labeled where possible. 

In the cases of the AH-IG and UH-1H, the normal classification of the factors 
does not apply well because of low levels of pitch damping and substantial 
cross -coupling effects with other axes. In the case of the CH-55D there 
is an exanple of the inability to discriminate between two modes which are 
nearly equal in value, i.e., yaw damping and heave damping. We shall see 
that the ability to apply classical mode labels to transfer function factors 
is sometimes a problem in other axes as well. 

One aspect shown in Table III-l is the effect of off-axis regulation, 
i.e., roll and yaw regulation, on the primary pitch response. Except for 
the BO- 105 there is consistently a degradation of phiigoid damping as roll 
and yaw loops are closed. For the 0H-6A the largest source of degradation 
appears to be the yaw loop regulation; however, in the other three examples 
it is the roll loop which destabilizes the phugoid. Knowledge of how the 
off-axis regulation affects primary control response (in this case pitch) 
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TABLE III-1 , SURVEY OF APPROXIMATE* PITCH AXIS RESPONSE TRANSFER FUNCTIONS (HOVER) 
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i.ru •;ir.atf?iy (ijpo\le factor:; arc omitted from 6 DOF quasi-static transfer function expressions sho’^. 

( ) first order factor, [ ] second order factors, |( ) . • . [ ]| approximately cancelling dipole factors. 

^jj'jnode label accordinc to the following key: P - phugoid, PL - lateral phugold, PD - pitch damping, R - roU damping 

TD - yuw damping, SP - short period, D - dutch roll, S - spiral, 

SD - surge damping, LD - sway damping, HD - heave damping, 



is a direct benefit of the six-degrees-of- freedom model, i.e., coupled 
longitudinal- lateral-directional equations of motion. It is believed that 
additional information concerning such indirect cross -coupling effects would 
accrue from use of higher order equations of motion which included rotor 
flapping degrees of freedom, although the effects would likely be limited 
to the very short term effective control lag features . Data was not avail- 
able to verify this, however. 

Closed- loop pitch attitude control has been analyzed in a number of 
earlier efforts (e.g.. Refs. 15 , l 6 , and 19)* The cases considered here 
indicate that the classical form is still a valid way of viewing direct 
pitch response although there are effects from off-axis regulation. For 
the purposes of this report it is nevertheless useful to consider briefly 
pitch axis regulation in a closed- loop context. This can be done rela- 
tively easily if we rely on a pilot model consisting of a pure gain feed- 
back of pitch attitude to longitudinal cyclic control. The essential features 
of pitch attitude loop control in hover are summarized in Table III-2 which 
shows that the important stability derivatives in the pitch loop are simply 
Mq and M^ (and to a minor extent, X^). 

Note that the open-loop pitch respxanse, without control lags, is 
approximately : 


_ 9 _ 

6 ^ 



(HI-11 ) 


The accuracy of this approximation for the vehicles in Volume One is shown 
in Table III- 3, i.e.: 

• The phugoid frequency, is comp>ared to V gM^-M^ ■ 

• The pitch damping mode, l/Tgp^, is compared to -Mq 

Where there is a fair level of pitch damping (e.g., 0H-6A and BO-IO^) the 
separation of modes is wide, and the approximations are good. 
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TABLE III- 2 


ESSEIWIAL FEATURES OF PITCH ATTITUDE CONTROL 
IN HOVERING FLIGHT 


TRANSFER FUNCTION : 
0 


APPROXIMATE FACTORS: 



P PD 
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TABLE IH-3 
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For the helicopter examples considered, the phugoid frequency at hover 
falls within the range between 0.3 and O.5 rad/sec. Thus, for the 0/53 
transfer function to be like k/s, the pitch damping mode (hence — shoiild 
be at least as large or somewhat greater than the desired crossover frequency, 
cDf, . This condition is met by the 0H-6A and BO-IO5 examples. In the remain- 
ing three cases the pitch damping is low, and it is not surprising that 
stability augmentation is employed by each. 

A way of viewing the quality of the e/Sg response is to consider the 
phase margin in the region of crossover. According to experimental measure- 
ments, a phase margin of about 30 deg is usually present in the open- loop 
pilot-vehicle transfer function. Since the phugoid normally involves low 
damping, its phase contribution at 1 to 2 rad/sec is small. Thus, the 
approximate phase margin for a pure gain pilot is: 


% 


tan 




a), 


C0 


(III-12) 


If we use 30 deg phase margin as a rule of thumb for a miniiiium required 
level, then the required pitch damping must be: 


-Mq > 0.58 cUcq 


(in- 13 ) 


The combined effect of pilot delay and control lag can be added by assiming 
an effective delay, Tq: 


% 


tan 


-.1 



(iii-iij-) 


This function is plotted in Fig. III-1 for a phase margin of 30 deg to show 
the approximate relative importance of pitch damping and combined delay. 

The Ref. 20 requirement for pitch damping as shown in Fig. III-2 contrasts 
with the level of pitch damping required to allow the pilot to operate with 
pure gain compensation with 1 < cUgg < 2 rad/sec and ^ 30 deg. The require- 
ment is a function of pitch moment of inertia. While it may be adequate for 


3k- 
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MIL-H-850IA Requirement '■ 



Figure III-2. Existing Pitch Damping Reqtiirement 
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small vehicles (e.g., 0H-6A.), it is cleaxly inadeqmte for larger ones. The 
level suggested in Ref. 21, i.e., > 2.5/sec, is more realistic; however, 

an important implication of Rig. III-l is that the level of pitch damping 
required is tied to the amount of effective control lag present . 

In view of the importance of pitch damping, it is worthwhile to recall 
briefly the key factors which produce it, especially in connection with the 
vehicle examples considered here. 

Reference 22 illustrates that, for those helicopters included in Volume 
One, the key rotor system parameters affecting rotary damping are flapping 
hinge offset, e, and blade Lock No., 7. figure III-5 shows a sketch of the 
relationships . Shaded areas indicate approximately where various rotor hub 
types are sitmted. In view of the parameters shown in Table III-4, tliis 
qualitatively explains the large difference in Mq between the hingeless 
BO- 105 and teetering AH-1G and UH-1H. The difference between the articu- 
lated examples, 0H-6A and CH-55D, can be traced to a combination of Lock No. 
and vehicle size (inertia). 



Figure II I- 5. Pitch Damping as a Fianction of Rotor Hinge 
Offset and Lock Number 
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Given the background regarding the pitch control response and closed- 
loop pilot- vehicle aspects, we shall consider two hovering exainples which 
span a fairly wide range of characteristics: 

• BO-105 

• AH-IG, SCAB off 

A Bode root locus is shown for each in Figs. 111-4 and III-5. The most 
prominent difference is in the phase margin in the region of pitch attitude 
regulation which is primarily due to the disparity in pitch damping. 

The phugoid is a prominent feature in both cases cited above. Note that 
as long as g)p is well below the region of crossover th e phiigoid is subject 
to being e ffectively damped by closure of the pitch loop . This implies that 
a direct upper limit mi^t be placed on phugoid frequency to insure effec- 
tive damping with reasonable regulation of pitch attitude. 

b. Forward Flight 

As forward velocity is increased the pitch attitude dynamics transition 
to those of a conventional airplane so long as the sign of is negative. 
According to Ref. 1 the main features of the pitch response in forward flight 
have the following dependency on airspeed: 
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Figure III-5. Sainple Pitch Loop Bode Root Locus (Low Pitch Damping) — AH- 1 G, Hover 
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Thus, in foivard flight we should expect to see: 

• Pitch damping and heave damping combining to form an 
over damped short period 

• Increased phugoid frequency 

• Increased phugoid damping. 

As shown in Table III -5, the 60 kt pitch dynamics are characterized by 
a phugoid mode, not much different from that in hover, and a highly damped 
shoru period mode. As with the hover condition, the transfer function is 
composed of two parts — one with dominant response poles and zeros, the 
other with approximately cancelling dipole factors (only the former is 
shown in Table III-5) • 

In forward flight it is reasonable to assume only pitch and roll loops. 
Yaw regulation is largely unnecessary as we shall discuss shortly. For 
the reasons stated previously, perfect roll regulation is a valid assump- 
tion when considering the pitch response transfer function. (Again, the 
conditions for validity are stated in Table II- 1.) For the 60 kt examples 
shown in Table III-5 there are various effects of roll regulation. The 
most prevalent are increases in short period damping and decreases in 
phugoid damping. 

The most important feature in each of the 60 kt pitch response transfer 
functions shown is that, compared to hover, there is a net increase in 
phase margin in the expected vicinity of crossover (l to 2 rad/sec). This 
can be deduced by inspection from the shift in the pole -zero combination 
involving short period and heave damping. The significance is that pitch 
attitude response in forward flight should be correspondingly less critical 
than in hover. 
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TABLE III- 5 . SURVEY OF APPROXIMATE* PITCH AXIS RESPONSE TRANSFER FUNCTIONS 

(60 KT FORWARD FLIGHT) 
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According to the approximate factor relationships, pitch damping shows 
up as the prime differentiating feature in pitch response dynamics at the 
hover and 60 kt conditions considered. Figure III-6 shows that for a given 
vehicle the magnitude of pitch damping, does not vary significantly 
over the entire range of low speed flight conditions . Inspection of the 
data in Volume One also shows that does not vary with vertical velocity 
or altitude . 


c . Summary 


Prior to considering roll regulation, let us summarize the important 
features of the direct control response of the pitch axis with regard to 
the five helicopter examples : 

• The essential controlled element features can be 

factored from a high order transfer function 

• The essential features can be identified in conven- 
tional terms (e.g., phugoid, pitch damping, short 
period, etc . ) 

• Approximate numerator ratios can be used to imbed 
off-axis regulation in the direct control response 
and, at the same time, to simplify the transfer 
function, i ,e , , 
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%8p 


in hover 


and 


Nj 


.0 cp 
8b&A 



in forward flight 


(III-21 ) 


• Sequentially constraining off-axes can produce second- 
order effects in primary control response features, 
e.g., for the AH-1G in hover, SCAS off, 


VS 




>A 


( 111 -^ 2 ) 


shows that roll regulation destabilizes the phugoid. 
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CH-53D 



• In those exajnples considered, the prime differentiating 
feature in pitch control is pitch damping, i.e., . 

2. Roll Axis 


The predominant features of the roll axis, just as in the pitch axis, 
can be summarized in terms of the general form of transfer function as 
given in Section II, i.e,, for hover: 
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a . Hovering Flight 


For hover, the form shovn for roll response is the same as for pitch 
response. The primary factor differentiating roll and pitch derivatives 
in hover is the ratio of roll inertia to pitch inertia, I^Ay Hence, 


M 

= ijr (in-25) 

y 

-M 

K = T 7 T (ni-26) 

x' y 

-^5b 

Lsa = TTT Uii-27) 
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Therefore, there is a general increase in roll damping over pitch damping, 
little change in the phugoid, and the same angular rate sensitivity. If 
the roll response examples in Table III-6 are compared -with those in 
Table III-l (pitch response), the above generalities hold fairly \^/ell 
except that the lateral phugoid frequency and damping tend to be slightly 
higher. The effects of other inner loop closures (pitch and ya\^) are not 
as large for the roll axis as for the pitch axis , 

The numerical requirements on damping should apply in roll as in pitch 
if the control lags and desired crossover frequency and phase margin are 
the same (as they are in the experimental data of Ref. 7) ■ Thus, the same 
plot in Fig. III-l could be used to describe required roll damping, Lp . 
However, Ref. 21 is in variance to this and suggests that a minimum level 
of roll damping be 4/sec vs 2.5/sec for pitch damping. 

b . Forward Flight 

In forward flight the roll damping time constant remains and the lateral 
phugoid disappears and is replaced by a spiral mode . So long as the spiral 
mode is well below the roll crossover frequency range and the roll mode is 
above, then the controlled element will appear like k/s and will permit 
easy regulation. 

Table III-7 shows a survey of bare airframe roll dynamics at 60 kt for 
the five helicopters studied. The transfer functions themselves are all 
numerically similar to hover except for the disappearance of a lateral 
phugoid and emergence of a spiral mode. 

Roll damping, the main determining factor in roll response is plotted 
as a function of airspeed in Fig. III-7. Like pitch damping, it does not 
vary significantly for a given vehicle . The same is not necessarily true 
for varying vertical velocity, however. 

Where the basic value of roll damping is low (as in the teetering rotor 
examples which include the AH-1G and UH-1H), there is a significant varia- 
tion of Lp with vertical velocity. This is illustrated in Fig. III-8 . 
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TABLE III-6. SURVEY OF APPROXIMATE* ROLL AXIS RESPONSE TRANSFER FUNCTION (HDVER 
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f ) f:rGt or ;cr fa 'tor, f 1 uecorui 'irier factors, |( )..*[ ]} approximately cancelling]; dipole factors. 



TABLE III-7. SURVEY OF APPROXIMATE* ROLL AXIS RESPOKE TRANSFER FUNCTIONS (60 KT) 
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mode label according to the following key: P - phugoid, PL - lateral phugoid^ PD - pitch damping_, 

R - roll damping YD - yaw damping^ SP - short period, 

D - dutch roll, S - spiral, SD surge damping, LD - sway danping 
HD - heave damping 



Damping 



Figure III-7* Variation in Roll Damping with Air^ipeed 



-40 -20 
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Figure III-8. Variation of Rc 




At some light i/^eight conditions the roll damping stability derivative, 
even becomes positive. This is most apparent in the UH-IH and AH-1G data 
but the trend is apparent also in the 0H-6A and BO- 105 (s-H CH-55i^ flight 
conditions are level flight) . 

Roll response for varying vertical velocity >^as analyzed by considering 
the cp/b^ transfer function, first completely open loop, then vjith pitch 
attitude regulated. Three flight conditions vjere compared ranging from 
autorotation to level flight to maximum pover climb, ail at 6o ht, for 
the AH-1G aircraft >Jith SGAS off. Table III-8 sho^s tabulation of roll 
to lateral cyclic transfer functions for each of these cases . For the 
completely open-loop dynamics (first column) as rate of climb increases, 
dutch roll damping decreases and becomes approximately natural at maximum 
rate of climb. This trend can be observed in flight test data; however, 

^hat cannot be observed directly is a variation in coupling among the roll, 
spiral, and dutch roll modes. For level flight, the coupling is nearly 
zero, but for non-level flight the coupling takes on differing forms . 

Figure III-9 sho^^s dutch roll root locus along vith roll and spiral for 
various rates of climb, h, based on the data from Volume One. 

The pitch-regulated roll response in column 2 of Table III-8 helps us 
to sort out the modes more easily . The same trends are visible in the 
roll, spiral, and dutch roll modes for increasing rate of climb, that is, 
the roll and spiral modes tend to become more coupled and the dutch roll 
less damped. The effect of pitch regulation on lateral-directional modes 
in general is to reduce dutch roll damping and to alter roll-spiral modes 
somev/hat . 

The implication of the high rate of climb effect on roll response is 
illustrated by the closed- loop step responses in Fig. III-IO. These show 
that for pure gain regulation of roll attitude in the presence of good 
pitch regulation there is no problem in level flight, but for maximuin climb, 
a troublesome dutch roll oscillation is present. The deterioration of 
dutch roll damping with increased rate of climb is observable in the AH-IG, 
SCAB off according to the flight data presented in Ref. 26. 
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Figiire III-9. Root Locus of Lateral-Directional Modes for Varying Vertical Velocity 






c . Svimmary 


Based on the analysis presented, the key points regarding roll control 
response are therefore: 

• The predominant roll control response features and 
procedures for analyzing them are strongly analogous 
to those of the pitch axis . 

• The essential cp/s^ controlled element features can 
be factored from a high order transfer f\mction and 
identified in conventional terms (e.g., lateral 
phugoid, spiral, and roll damping). 

• Appropriate numerator ratios can be used to imbed 
the effects of off-axis regulation, but the impact 
of pitch on roll response is generally less than 
for roll on pitch response. 

• Roll damping, L', is the prime differentiating feature 
in roll response among vehicles . Like pitch damping 

it is invariant with airspeed but, unlike pitch damping, 
does vary with vertical velocity. 


3 . Yaw Regulation 

Yaw regulation through use of rudder pedals is required when sideslip 
stiffness is inadequate such as in hover or backward flight. In addition, 
yaw control is involved in providing turn coordination when needed. 

The general form of the ij//Sp transfer function varies somewhat depending 
on whether roll and pitch loops are closed. If we consider the case of roll 
and pitch inner loops closed, V&p relatively simple in form and allows 
some degree of insight, i.e., 

^5a5b 
ID 

A, ( ) , 

L in hover (ill- 28) 

( 0 )( ) ^ 

YD 

ID 

[ ] 


and 


in forward flight 



Note that the numerator form is the same between hover and forward 

fli^t. The denominator also is actually the same form if we recognize 

it as the quadratic containing yaw damping, and sideslip stiffness, 

N! (= VN* ) . This can be shown with a set of reduced equations of motion 
p ^ 

having only r and v degrees of freedom: 


Thus, 
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Y ] 
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or, more simply, if we neglect small terms 


(III-29) 


(III-50) 


N6p (s - Yy) 
s [s^ - N^. s + VN^] 


The last expression is instructive for it shows that the yaw control 

varies primarily as a function of airspeed to the extent that Ni , Y , N^, 

Op v r 

and are invariant which can be confirmed by inspection of the compiled 
data in Volume One . 


The above form is useful in computing the relief from the need for yaw 
regiilation as forward velocity is increased from a hover flight condition. 
Consider the two root loci in Fig. Ill- 11 for the second order portion of 
the ^/bp denominator, one corresponding to a pure gain regulation of and 
the other corresponding to a forward velocity-induced variation: 


57 




a. Pure Gain Regulation of 
Yaw Angle 


b. Forward Velocity- Induced 
Oscillation 


Figure III- 11 . Root Loci for the Dutch RoU. 


These show an equivalence in terms of the effect on the denominator 

although not in terms of active yaw regulation (VN^ represents active 
sideslip regulation rather than yaw angle regulation). Nevertheless, we 
can utilize this to compute the forward velocity for which active yaw 
regulation becomes unnecessary. 

Assuming a pure gain pilot, we can directly estimate the for a given 
crossover frequency, according to: 



or 
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Hence, for hover: 


K N. 


Ilf Cp 



(III- 33) 


Thixs, the forward velocity which yields the equivalent directional stiff- 
ness is: 


V 



(III-3J+) 


Figure III-12 shows a plot of sideslip stiffness, N^, versus airspeed, V, 
for the five helicopters studied. Superimposed are approximate levels of 
equivalent yaw regulation at hover. In the case of the 0H-6 a a forward 
velocity of 22 kt provides a level of directional stability equivalent to 
a pilot- generated yaw crossover frequency equal to 1 rad/sec at hover. 

Thus, if 03^^ = 1 rad represented the desired level of yaw regulation, active 
regulation would be unnecessary above 22 kt. Note that the two examples 

having the lowest level of N' utilize yaw stability augmentation (the effect 

P 

of which will be disc^lssed in Section VI ). 
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0H-6A 



6o 


Figure III- 12. Sideslip Stiffness as a Function of Airspeed for Five Helicopters 
with Two Superimposed Levels of Equivalent Directional Stiffness Provided by Active Yaw Regulation 

in Hovering Flight 




A s-urvey of approximate yaw control response in hover is shown in 

Table III-9- A progression of off-axis regulation includes ^\f/b with 

P 

open loops, with 0 — ► and finally with cp — ► as well. One feature 

common to all cases is that heave damping appears coupled to yaw response. 
This is most directly observable in the response with perfect cp and 6 

regulation. In the case of the 0H-6A \j/ — 6^ degrades heave damping and 
in the UH-IH and AH- 10 it enhances heave damping. In the case of the 
BO - 105 any effect is obscured because heave damping and yaw damping cannot 
be distinguished positively. Finally, in the CH-53D we have an exanple of 
how off-axis regulation (cp — ► 6^) noticeably improves the predominant yaw 
response mode from about 0.3 rad/sec to 0.4 rad/sec. 

The essential features of the yaw controlled element at hover or very 
low speeds are analogous to pitch and roll. That is, the controlled ele- 
ment in each case is like a k/s system which is bandwidth limited by the 
respective rate damping level. Thus, for yaw control to be good, yaw 
damping, i.e., N^, should be commensurate with the desired crossover 
frequency range and whatever effective control lags are present. 

Reference 21 suggests that the minimum yaw damping level for NOE 
operation be about 5 /sec. While this would provide a good controlled 
element, it is in sharp contrast with the lower levels indicated by the 
data from Volume One . 

C. CROSS COUPLING 

The term cross coupling can refer to a variety of specific features 
connected with helicopter dynamics. The limit on this variety is depen- 
dent only upon the model degrees of freedom. The features to be considered 
here, of course, fall within the range of a six-degrees-of- freedom quasi- 
static description, but the general approach could be applied to more 
complex systems . 

Cross coupling can manifest itself in at least two ways. First, it 
can alter the direct primary control response by changing dominant mode 
characteristics. For example, in the preceding subsection, roll regula- 
tion was shown sometimes to affect dominant modes involved in pitch and 
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TABLE III-9, SURVEY OF APPROXIMATE* YAW RESPONSE TRANSFER FUNCTIONS (HOVER) 



62 


jxjir.'iu ly an cliirig dipole factors are omitted from n I>:F quasi-at^tic transfer function expressions shown, 
first order factor, [ ] second order factors, (( )}...[ ] approximately cancelling dipole factors. 



yaw response . A second form of cross coupling is the direct production of 
unwanted motion from a given control or commanded motion. The most common 
example of this in a helicopter is the unwanted yawing motion due to a 
collective control input . 

To a large extent we have addressed the first of the above coupling 
effects in Subsection for it is closely connected with direct control 
response itself. Therefore, in the following pages oirr attention will 
center on the '^unwanted response” aspects of cross coupling. We shall 
address the procedures for computing it and demonstrate examples relevant 
to helicopter vehicles . 

One way of systematically approaching the many kinds of cross coupling 
possibilities is to consider various motions resulting from various controls. 
Ideally, a pure, direct motion should be produced from each of the four 
flight controls , i . e . : 

• Heave from collective 

• Pitch from longitudinal cyclic 

• Roll from lateral cyclic 

• Yaw from rudder jjedals 

Table III-10 shows how these four motions can be produced in ways other than 
from the respective direct control. Note that the desired level of cross 
coupling is not always zero, however. Good turn coordination, for example, 
requires that a yaw rate be produced for a given bank angle in the propor- 
tion of g/v. Also, vertical velocity due to pitch motion should be equal 
to V, especially where flight path is controlled by pitch attitude. 

In the following pages we shall address three of the twelve interactions 
identified in Table III-10. The first two include roll-due-to-pitch control 
and pitch-due-to-roll control and represent cross coupling phenomena which 
require for their description at least the complexity of a six-degree-of- 
freedom quasi-static model. It will be demonstrated that selected stability 
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derivative parameters, ^hile providing insight, do not completely describe 
important coupling effects . The third form of cross coupling shall 
consider is uncoordinated yavj due to roll command. In this case m\iltiloop 
effects are more easily reduced to a few key derivatives . 


1 , Pitch-Roll Cross Coupling 

We shall consider the mutual cross coupling effects bet'ween pitch and 
roll axes in the context of multiloop manual control. Thus, instead of 
viewing coupling terms of a control response, say cp/bg, let us look at 
coupling relative to a commanded response, i.e,, cp/0^. This will be not 
only more direct in terms of visually perceived relationships, but also 
mathematically simpler and more general. 

To the extent that cross coupling does not meet the ideal levels shown 
in Table III-IO, the pilot must minimize it through compensatory tracking 
or by utilizing appropriate pursuit control crossfeed paths. An example 
involving pitch regulation with roll cross coupling is shown in Fig. Ill- 15- 

Regardless of the pilot control strategy, the key transfer function to 
describing cross coupling is the appropriate modal response ratio. For 
example, for roll-due -to-pitch we would compute: 


Q 




(in-55) 


This expression is relevant to the compensatory tracking strategy because 
it represents the unwanted off-axis response which must be regulated out 
by the roll loop . In the pursuit crossfeed situation, the above numerator 
indicates the crossfeed required to minimize uncommanded roll. To see this, 
consider the general transfer function for 


iL 
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(111-56) 
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For 9 / 9 ^ to be zero. 


cf 




But, according to the crossover model: 




Y^N 


and 


e"SB . “c0 , 


e 


Substituting these into the crossfeed expression gives : 


(III-37) 


(lH-58) 


(ni-39) 
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cf 
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(III-40) 


Kote that the effective delays cancel, if Tp = tp . 

^9 ^cp 

in addition, the pitch and roll loops “were closed at the same cross- 
over frequency, then the pursuit crossfeed required to decouple the roll 
from pitch would be exactly: 


Y 


cf 




(III-41 ) 


For strictly compensatory tracking the level 9/^0 cannot be made exactly 
zero, rather the effect is minimized depending upon the tightness of the 
roll loop. This can be shown by substituting crossover model functions into 
the general equation for For the sake of simplicity the effective 

delays can be neglected, without loss of generality, and reinstated later 
if desired; therefore: 
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( 111 - 42 ) 
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or, after eliminating higher order effects 
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Note that for no a 


ctive roll regulation (o>q = O) the amount of ^/ 9 q 


exactly equal to the numerator ratio out to the pitch crossover frequency 
(as shoTAin previously in Section II) . 


68 



Again, the main point to be made is that for roll due to pitch the 
numerator ratio describes the level of coupling which must be 

overcome regardless of the pilot's control strategy — whether purely 
compensa'bory or involving a pursuit crossfeed. 

A general survey of cross coupling in terms of roU-due-to-pitch and 
pitch-due-to-roll was made for the various subject helicopters in order 
to search for consistent trends and to try to develop simple approximate 
factors relationships for this variety of cross coupling. Hover and 6 o kt 
flight conditions were considered. The modal response ratios used as 
indicators were: 

A 

0 = for forward flight fill -46) 

= %B 


In hover^ where yaw regulation must aLso he provided, we constrain thus: 
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Similarly, for pitch-due-to-roll: 
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By considering a time history corresponding to a unit step input, we 
obtain a direct indication of the magnitude of unwanted roll excursion 
which must be countered by the pilot. 

Figures III- 1 4 and III-I 5 show step input time histories for the two 
varieties of coupling. This covers each subject helicopter at hover and 
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60 kt, »ith and -without augmentation. For pitch-due-to-roU (cp^ 8) 
in Fig. 

• Hover involves more coupling than 60 kt 

• The sense is nose up for right roll except for the 
BO- 105 

• Augmentation is effective in reducing the coupling. 

For roll-due -to -pitch (9^ <p) in Fig. Ill- 15= 

• 60 kt is worse than hover 

• The sense is left roll for nose up (again, except 
for the BO-105) 

• Augmentation reduces coupling 

• The magnitude is generally larger than for pitch- 
due-to-roU . 

The results obtained in the foregoing exercise are generally represen- 
tative of the respective main rotor designs involved. According to Ref. 22 
the roll-due-to-pitch and pitch-due-to-roll depend upon various rotor system 
parameters discussed previously in connection with pitch damping. A sketch 
of the effects of hinge offset and Lock No. on jjnportant cross coupling 
stability derivatives is shown in Fig. III-I6. Recall that the level of 
roll-due-to-pitch and pitch-due-to-roll ranged from one extreme with the 
teetering designs (UH-IH and AH-1G) through articulated (0H-6A and CH-53D) 
to the other extreme with a hingeless design (BO-1 05) . 

It is convenient to express the roll-due-to-pitch and pitch-due-to-roll 
in terms of appropriate stability derivative ratios as done in Ref. 22 . 

For example, roll-due-to-pitch could be expressed in terms of: 




M; 


Lp 


Sb Lq 
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An alternative, however, is to utilize the appropriate numerator ratio with 
some sacrifice in computational ease but with added value in terms of 
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Figure III-I 6 . Sketch of How Key Rotor System Parameters 
Affect Inertial Cross Coupling (Based on Material From Ref. 22) 
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pilot-vehicle effects. Figure III- lY illustrates roll- due -to-pitch coupling 
as a function of airspeed using three parameters: 




M L 
1 P 



• Peak cp following a unit step 9 (with and without t 
regulated) . 

Note that the two stability derivative-based parameters show a reasonable 
trend in the low speed range but do not reveal the extreme level of coupling 
in hover nor the increasing level of coupling at higher airspeeds • 

The above is a demonstration of how cross coupling can be put in a 
multiloop manual control context such as cp/9^ or Key stability 

derivatives such as M and L' are used, in a supporting role to indicate 
origins of the phenomena, but the derivatives themselves may not necessarily 
adequately describe the overall effect. 


2 . Turn Coordination 

Another form of cross coupling which we shall consider is turn coordina- 
tion or lack thereof. According to Ref. 25 adverse yaw (turn coordination) 
can be especially detrimental to NDE operation if too extreme. In this 
variety of coupling it is possible to identify the potential problem source 
well enough to speculate on how it may arise for given rotor system designs, 
particularly the hingeless variety. 

None of the helicopter exan^les from Volume One exhibit significant 
adverse yaw, however, their characteristics are used to verify a simplified 
form of the closed loop transfer relationship. 


7 ^ 



Forward Velocity ( kt) 



Figvire III-I7. Survey of 0 ► cp Gross Coupling 








The closed loop dynamic response relationship considered most meaningf\il 
is >ir/cp since we have only to check how closely it equals g/v with use of 
roll and pitch controls only. Hence, the appropriate transfer function is: 


i 
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The above expression contains all the cross coupling effects among 
longitudinal, lateral, and directional axes describable by the basic six- 
degree-of- freedom model. In addition, it represents the pilot's crossfeed 
between roll and yaw loops if he were to apply manual coordination. (This 
is analogous to the pursuit cross feeds of cp/e and e/cp modal response ratios 
discussed previously.) This is illustrated in the following block diagram: 



(in-51) 


To gain insight we can solve for an approximation of t/cp using a 
simplified set of directional equations of motion similar to that introduced 
in the discussion of yaw control response, i.e., 
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The approximation is: 
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and 
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both are valid assumptions according to the data in Volume One. Equation 
III-51 can be further manipulated into the following iiseful form if N' > 0, 
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Thus, the ^/cp transfer function is composed of a high frequency gain equal 
to Np “ a non-minimum phase zero, a denominator consisting of 

the dutch roll approximation, and a low frequency gain equal to g/v. There- 
fore the magnitude of Np — (Ng^/L^^)Lp directly determines the adverse ya\i 
excitation of dutch roll. If Np — (N^^/l^^)Lp equaled g/v, an unlikely 
occurrence, then ^/cp T^/ould he very nearly g/v in the dynamic sense. Let 

us consider, then, the composition of M* - . /ij* , )±j* . 

■ ) ^ p 

First, let us view the adverse yaw in terms of imprimed derivatives, 

X • e • , 


^5a 

N' - tF L' 

P 





(111-58 ) 


According to the compiled data the first and third terms above are normally 

small. It is the second term, (I /l )L , which could be potentially trouble- 

xz z p 

some if the cross product of inertia and basic roll damping were both large. 
The first condition is strictly a function of mass distribution, but the 
second one is heavily dependent on the rotor system design. We would expect 
to be large for, say, hingeless rotors. It is not surprising, then, that 
the adverse yaw problems encountered in the NOE flight tests reported in 
Ref. 25 involved a hingeless rotor helicopter. Unfortunately data describing 
inertial and roll damping characteristics were not available. 
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It is important to note that the BO- 105 hingeless rotor data compiled 
in Volimie One did exhibit a very large L* but did not involve a non- zero 
I , therefore the adverse yaw characteristics of the modeled vehicle are 
probably Tinrealistically low. 

A survey of the turn coordination of the various helicopters is shown 
in Fig. III-I 8 . Time histories of are plotted for a step cp^ and an 

assumed roll crossover frec^uency of 1 rad/sec. The dashed line in each 
plot represents g/v • cp/cp^^ i.e., perfect turn coordination. When the 
solid line is below the dashed line, inadequate turn rate (adverse yaw) is 
present and, conversely, when above it, excessive turn rate (proverse yaw). 
Note that the AH-1G SCAS tends to produce worse adverse yaw than the bare 
airframe, but the CH-53D SAS produces perfect coordination. These features 
will be further discussed in Section VI. 
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V9-H0 
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Figure III-I8. Turn Coordination Characteristics 



SECTION IV 


OUTER LOOP REOUIATION 


A . BACKGROUND 

In this section vje shall explore the closed-loop dynamics of the outer 
manual control loops involving position or translational velocity. 

The ability to control a vehicle's position in space or its flight path 
is an important factor in completion of its mission. The traditional 
handling qualities parameters that pertain to position and/or velocity 
control such as stable stick force characteristics with respect to velocity, 
positive effective dihedral (stable spiral), etc., are often parameters 
defined by static or open-loop vehicle characteristics. However, it is 
possible to view position and/or velocity as the outer loops of our six- 
degrees-of-freedom model, and to evaluate the total dynamic and static 
characteristics for each case . The benefits to be gained by doing so are 
an increased understanding of the total vehicle response and a better 
understanding of the parameters which may affect the vehicle's response. 

In segregating the six parameters of our model into inner (a, qp, il* ) and 
outer (x, y, z) loops, we have to appreciate fully the impact of the inner 
loop closures on outer loop responses: that the basic modes of the outer 

loop responses are derived largely from the inner loop closures. Thus, 
outer loop characteristics such as response time constants, steady state 
gains, and damping ratios, are strongly affected by inner loop closures. 

In this study, many of the outer loop characteristics will be examined for 
the cases where inner loop regulation is assumed because it removes the 
complexities of pilot behavior while retaining the key vehicle— related 
characteristics . 

B . PRIMARY CONTROL RESPONSE 

According to the overall pilot-vehicle loop structure in Section II, 
the primary outer loop controls are : 
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• Collective stick for heave 


• Pitch attitude for surge (or forward speed) 

• Roll attitude for sway (or lateral flight path). 

We shall begin our discussion of these by developing a general expression 
for outer loop response given the regulation of inner loops with finite 
bandwidth. This will be followed by specific applications to surge, sway, 
and heave control , 

The main objective in the following pages is to demonstrate the use of 
appropriate numerator ratios in estimating outer loop control response . 

Let us begin by considering the example of surge control (x/d^) for forward 
flight specifically including the effects of pitch and roll regulation but 
neglecting yaw regulation, 

1 . Surge (Longitudinal) Control 

The general expression for x/^c written directly from the block 

diagram, i,e., 



X 





+ 




'5b * V^A " "eVSB^A 


(IV-1) 
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After rearranging and expanding coupling numerators, 'we have 


X 

dr 




N, 
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1 + 



1 + 
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cp 6 a 


Y iff Y.wf 
cp 6 a 0 6b &b 8a 




(lV-2) 


Under the conditions of \^eak cross coupling, i.e,. 


iff iff « iff iff 

Sa % °B °A 


(lV-3) 


and 


then 
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(lV-4) 


(iv-5) 


Notice that explicit terms involving cp “ 6^ disappear, and only 9 — 5g 

terms remain. After substituting an appropriate crossover model approxi- 
mation such as (Y^N^^/a) = (cjo^^^s) (v^e can choose to neglect the effective 

delay since it is a high frequency effect) ^we have 


X 

^c 






»a 


1 



iff 

5b6a 

Sb^A 




(iv-6) 
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Using a similar argument, if roll 8uid yaw loops are closed; 


X 




cp ij, 




.0 cp 





m ^ 
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SboaS 

0 9 


^ provided | s | < cjd^ 


6b6a6p 


(IV-T) 


The foregoing is important because it essentially separates all inner 
loop features from outer loop ones except for the primary inner loop cross- 
over frequency in the case of x/Gq) . Similar relationships can be 

developed for the other outer loops . 

2. Sway (Lateral) Control 


In the case of lateral position control: 


i- = 



N; 


rY 0 




Ba&b 


provided 


< 03. 




(lV-8) 


or, with pitch and yaw loops: 


i 1 


^'‘6a6b6p -h . I I ^ 
—^provided |s| <o)c^ 

Ba&b5p 


(lV-9) 


Pitch loop effects can usually be assumed negligible because they enter in 
the form of higher order effects as shown previously for the x/q^ transfer 
function. Yaw regulation, however, may involve a less negligible cross 
coupling effect. It can be included, though, in a direct way: 
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Thus, to the extent that y responds to rudder pedals, t responds to lateral 
cyclic, and a yaw loop is closed, there will be a corresponding modification 
of the first order s'way control response . 

3 . Heave Control 

Heave response due to collective control requires consideration of an 
inner pitch loop^ i.e.. 


^ ^9 ^6c6b 


\ "SB 


z 0 
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or, with cp and >1/ regulated 
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and if pitch-heave coupling is low with collective and longitudinal cyclic 
controls, i,e., 


0 9 ^ IjZ cp ^ 

6c6a6p''6b6a5p 


« N 


0 9 i|/ z 9 

5 b 5 a 6 p 
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then 
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% 6 a 6 p 
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C . AKALYSIS USING APPROXIMATE FACTORS 

The expressions shown for outer loop primary control response appear 
more formidihle than they really are, especially when approximately can- 
celling dipoles are omitted. For example, consider the AH-1G at 60 ht 
including SCAS effects . While seven first order roots and two second 
order roots are present in the denominator "they all approximately 

cancel except for the following: 
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- 7 . 6 ( 0 . 85 )[o. 02 ; 2 . 1 ] 

._ -32.5 

(lV-15) 

"°b6a 
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^&c8b5a . 

1^9 cP 
^5b&A 

-14.4(0.009) 

(0.9)(0.007) 

. -14.4 

ToT^ 

(iv-17) 


The simplicity of the above expressions can be shown more formally 
by considering reduced order longitudinal- vertical and lateral- directional 
equations of motion^ i.e.. 


Longitudinal-Vertical Equations of Perturbed Motions 


or 


= 0 =0 =0 
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whence 
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Likewise N? 


s - X 0 
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SD 
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whence 
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Lateral-Directional Equations of Pertiorbed Motions 
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and, if \|r is constrained 
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The accviracy of the above approximations is demonstrated in the survey 
of outer loop control characteristics shown in Table IV-1 • Further, the 
validity over a range of forward velocities is shown in Table IV-2 using 
the 0H-6A as an example. 

a. Surge Regulation . The nature of outer loop regulation is easily 
shown using the foregoing relationships along with a crossover model for the 
inner loop regulation by the pilot. First, consider the surge loop. 


X 

0 

C 



(lV-29) 


The root locus is thus: 



2 

This sketch indicates that surge control is essentially a k/s system 
in which the attitude loop tightness, represented by cjc>cg, plays a relatively 
weak role. According to the root lociis some degree of lead or velocity 
feedback is required for a stable loop closure as shown in the sketch. This 
lead reqiiirement is effectively addressed by the extended crossover model 
described in Ref. 12 in which the parameter a represents a lead compensation 
zero placement. 
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SURVEY OF OUTER LOOP CONTROL CHARACTERISTICS 
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TABLE IV-2 
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Predomnant low fl*equency 
surging motion is 
os cillatory, but damped 


Low frequency lead equalization in surge must be 
supplied either by the pilot at great cost in workload 
or by automatic surge velocity- aided augmentation 


If velocity rather than position were being regulated as in forward 
flighty the controlled element would be more like k/s and the closed loop 
bandwidth would exhibit a stronger dependence on cop^, i.e.. 


The corresponding root locus is shown in the following sketch. 


Predominant surge v 
velocity perturba- 
tions can be very 
well damped with 
moderate bandwidth 
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2 

According to Ref. 11 the difference hetween k/s and k/s(s+1) or k/s(s+2) 
controlled elements (hence position versus velocity) can amoiint to one or 
tvTO points on the Cooper-Harper rating scale. 

b. Sway Regulation . The above discussion of longitudinal control 
applies equally to lateral position and velocity control, since the respec- 
tive controlled elements for both axes are essentially the same in hovering 
flight. Hence, lateral position. 



is a K/s(s+ 1) or K/s(s+ 2) controlled element, and therefore somewhat easier 
to control than lateral position. 

The X and y axes do not involve strong aerodynamic effects . Only 
and appear explicitly, and they are both very small. For example 
represents an inverse time constant for surge damping which is typically 
much less than the crossover frequency for x-axis regulation. Only in the 
z-axis does a significant vehicle aerodynamic effect appear. 
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c* Heave Regulation . From the simplified z/5^ transfer function we 
see that the heave damping, predominates, i.e.. 


z 

6 

c 



(IV-34) 


According to Ref. 14- the value of in hover is inversely proportional 
to the square root of disk loading*. As airspeed is increased heave damping 
grows as shown in Fig. IV- 1 for various helicopter examples. 

The essential features of the manual pure gain compensation heave loop 
are shown in the following root locus sketch for: 


z 


6 

c 



(lV-55) 





Note that the heave loop is primarily bandwidth- limited by Z^. This implies 
that a somewhat higher crossover frequency is possible for vertical position 
regulation than for horizontal position in either the x or y axis . 


* Ref. 14- indicates the Z A 

w 
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Figure IV- 1 . Variaticn in Heave Damping with Airspeed 



d. Summary . The outer loop control features which have been exposed 
by the application of nmltiloop analysis and interpretation by simplified 
pilot- vehicle equations of motion are summarized by the following: 

• Outer loop control characteristics can be effectively 
divorced from inner loop vehicle dynamics by use 

of appropriate numerator ratios. 

• For X and y-axis regulation the controlled element 

is primarily like K/s with the respective inner-loop 
crossover frequencies acting as effective control 
lags — aerodynamic effects (surge and sway damping) 
are neglible. 

• For z-axis regulation the controlled element is bandwidth 
limited by heave damping, a characteristic determined 
mainly by disk loading and airspeed. 

The helicopter examples considered demonstrate the relative invariance 
of outer loop control response which is siiggested by the various generic 
approximations . 

To a limited extent, outer loop regulation is aided by good inner loop 
control characteristics. For example, x-axis regulation benefits from a 
tight 0 loop which reduces the surge control lag and which, in turn, depends 
upon easy mamjial regulation of 9 or effective automatic regulation. 

This indirect impact of inner loop control on x and y-axis outer loop 
control is the means by which current handling qualities specifications 
(MIL-H-85OIA and MIL-F-85300 ) address outer loop control features. The 
weakness of purely aeroydnamic effects (surge and sway damping) appears to 
be acknowledged in the current specifications . 

In the z-axis the very important aerodynamically- determined heave 
damping is subject to some variation due to disk loading. Unfortunately 
it too is not addressed by current handling specifications although it 
should be. 
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For operation in the NOE environment it may also be advisable to assess 
the need for explicit outer loop control requirements, namely, by specifying 
effective levels of au^ented surge, sway, and heave damping. This could 
have the effect of imposing direct x, y, and z-force augmentation. 
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SUCTION V 


ATMOSPHERIC DISTURBANCES 


A. INTRODUCTION 

The purpose of this section is to take advantage of the foregoing 
method of closed- loop pilot- vehicle analysis in order to expose some 
properties of coupled longitudinal- lateral- directional helicopter dynamics. 
Tvro specific topics are considered. Firsts we shall explore the relative 
effects of individual gust components on each of the inner loop states . 

This will reveal the natxire of interactions between the normally partitioned 
longitudinal and lateral- directional dynamics. The second topic we consider 
is related to outer loop states. In particular, we treat the interaction 
of the pilot- vehicle combination with teirain- dependent distiarbances and 
find that helicopters are susceptible to the disturbances under certain 
conditions . 

The compiled data in Volume One contain gust numerators for flight 
conditions at hover and 60 kt forward flight. In addressing the two topics 
just mentioned we shall demonstrate the use of the gust mmerators given. 

Note that the compiled data are broken down into translational and 

rotary gust components. That is, the effects of q and r components are 

S g 

not imbedded in the u and v transfer functions as is traditionally done 

g g 

(e.g.. Ref. l). Therefore, it is unnecessary to apply the frozen field 
gust assumption (Ref. 27). This allows the introduction of rotary gusts at 
zero airspeed without a singularity appearing in gust numerators . 

Another feature of the compiled data is that gust components are taken 
with respect to an earth- fixed reference frame, not the usual body- fixed 
reference frame. This was believed to be of more general use in a low speed, 
low altitude environment especially where gusts can be terrain- dependent . 

Presently there appears not to be a completely satisfactory gust model 
for nap-of-the-earth environment especially at or near hover. Nevertheless, 
the MIL-F- 8785 B turbulence model (Ref. 28) is frequently applied in this 
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flight regime, and we shall make limited use of it here for the purpose of 
estimating the size of various gust components and their relative frequency 
content. In addition, we shall make use of simple deterministic gust 
inputs such as step translational gusts and step rotary gusts. The main 
objective in doing so will be to establish the important gust components 
in each of the inner and outer loops for a given vehicle and flight condition. 

B. JMER LOOP OIBT RBSFOHSE 

In the following pages we demonstrate the method for obtaining gust 
response relationships for the inner- loop regulated variables (pitch, roll, 
and yaw). This method is then applied to an example to investigate the 
gust sensitivity in low speed flight and especially the nature of axis 
cross coupling. 

We begin by describing the insertion of pilot feedback loops, compute 
a set of gust transfer functions, then apply two kinds of gust inputs. In 
one case a random gust model is used to show rms motion excursions, in 
the other case step inputs are applied for each gust component. These 
results are correlated with stability derivatives to provide for a method 
of easily estimating significant gust components in each inner loop axis . 

Computation of inner closed- loop gust responses can be accomplished by 
making the following assumptions; 

1 . Outer loops are open (no position or velocity 
regulation) . 

2. Off-axis inner loops are perfectly regulated (e.g., 
in considering 9 response, cp and possibly ^ are 
constrained) . 

3. A realistic pilot loop closure is adopted for regulation 

of the axis in question (e.g., for 6 response to gusts, 

assume a pure gain feedback of 0 — ►“6^ at a given 

B 

crossover firequency). 

These steps, each of which was justified in previous sections, permit an 
easy formulation of a gust transfer function from the data presented in 
Volxmie One. 
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Consider an example. The 0H-6A. open loop e/u transfer function in 

s 

the presence of perfect roll and yaw regulation and without outer loop 
regulation (Steps 1 and 2 above) yields: 


u 


K 


0 cp 


^UgSASp _ 0.0409(0)(0-02g)(0-57) 


19 ; + 


&A&P 


-5.27(o.022)(o.36)(1 ,85)[-.125;0.471 ] 


ID 


HD 


PD 


Note that this response is unstable. Clearly^ any consideration of 
gust characteristics must account for the effects of the pilot to regulate 
divergent responses. This forces us to model the pilot's pitch attitude 
regulation. We shall assume that the effects of pilot compensation can be 
suitably modeled by a pure gain set for a 1 rad/sec crossover frequency. 
This type of pilot model retains the basic features of a himian pilot, 
while keeping the model simple enough to use without ambiguity. Thus, the 
closed loop transfer function is: 


_e_ 
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cp,^i/ 

e — 


-_9 CD \lr 0 
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'A&P 
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where 


N; 


.0 cp ^ 


9 ^^Sb^A^P 


= " 1 at s = = 0 1 rad/sec 


Table V-1 lists the gust transfer functions which result from assuming 
each primary axis to be closed by a pure gain at 1 rad/ sec and the other 
two axes perfectly regulated. 

By using the transfer functions of Table V-1 and the gust power spectral 
density models of MIL-F-8785B, we can compute the rms gust responses which 
are shown in Table V-2 and determine the predominant gust components in 
each axis. 
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SURVEY OF ATTITUDE RESPONSE DUE TO GUSTS 
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TABLE V-2 


RI^ GUST RESPOIKE 


(MIL-F-8785B Dryden model applied to 0 H- 6 A 
in hover at to ft altitude, o^ = ft/sec 

and mean vrind 10 ft/sec) 


comomm 


Og (deg) 

0 ^ (deg) 

u 

g 

0.8 

0.65 

4.9 

V 

g 

1 .0 

0.07 

0.6 

w 

g 

0.05 

0.5 

1 .2 

^g 

2.0 

0.6 

0.6 


0.5 

1.5 

0.1 

r 

g 

0-02 

0.2 

1.9 
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Considering the translational gusts first, we see that 9 is most in- 
fluenced hy u and w ; cp by v ; and by u . The only real surprise in 

o o S S 

this data is the large effect of u on \|;. For the rotary gusts, we see 

S 

that p has a strong effect on cp, 0, and 


As an alternative to examining inner loop gust sensitivity by applying 
random gust inputs, a systematic application of detenninistic gust inputs 
was also considered. The same example was -used, i.e., the 0H-6A in hover 
flight condition. 


The procedure for viewing the response to deterministic gust inputs 
was to consider one inner loop axis at a time and to apply a unit step for 
each of the six gust components. For example, in the roll axis^ pitch and 
yaw were assumed to be perfectly regulated and a 1 rad/sec crossover fre- 
quency was used for roll loop regulation. Time histories were then generated 

for the closed- loop cp response resulting from a 1 kt step input of u , v , 

S S 

and w , then a 1 kt per rotor diameter step in p , q , and r . The same 
o s s s 

procedure was then applied to the pitch axis and finally to the yaw axis. 

Results are plotted in Fig. V-1 . 


A third and much simpler way of estimating the significant gust compo- 
nents in each axis is to compare directly the appropriate stability deriva- 
tives. For example, the relative effect of u , v , and w on pitch attitude 

s s s 

should be visible from the relative values of and M^, respectively. 

The danger in using stability derivatives in the manner suggested is 
that axis transformations (body axis to earth axis) are not strictly 
accounted for, and the effects of predominant response modes are neglected. 
Nevertheless, reasonably good agreement with the two previous methods is 
obtained. Table V-5 shows the relative magnitudes of gust response computed 
using random gusts, deterministic (step) gusts, and stability derivative 
ratios. Thus, any one of three methods could be used to determine the main 
gust component contributions for each axis. 
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0 (deg) 


• 0H-6A, hover 



response to translational gust components 
Figure V-1 (Continued) 
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TABLE V-5 


RELATIVE EFFECT OF INDIVIDUAL GIBT COMPONENTS 
FOR RANDOM GUSTS /DETERMINISTIC (STEP) GUSTS/AND STABILITY DERIVATIVES 

(OH-6A, HDVER) 
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— / — / — 
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g 1 
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1 

1/1/1 

0.1/0.1/0.2 
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1 

— /— /0.1 

i 

1 

0. 2/0.1/— * 

1 

1 
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* Each element shows the mgnitude of motion for one gust component 
relative to the predominant gust component. The order of numerical 
entries in each element^ set off by slant lines, is : 


Relative rms 
from MIL-F-8785B 
model 


^Relative peak 
due to 
step gust 


Relative moment from stability 
derivatives corresponding 
to each element 


no 




For the specific example considered, namely the 0H-6A. in hover, the 
response to on- diagonal gust components is direct as expected. Significant 
off-diagonal results include: 

• Roll response due to 

• Pitch response due to p^ 

• Yaw response due to u , w , and p . 

s s s 

In general, any given vehicle would require a survey to deteimine im- 
portant gust components for an individual sLxis. Based on the foregoing, 
however, such a survey could easily he conducted hy a direct comparison of 
stability derivatives with reasonable assurance of success. 

C. OUTER LOOP OUST REBPONBE 

In order to observe the effects of atmospheric disturbances on outer 
loop states it is necessary to stabilize inner loops suitably. And, in 
doing so we can develop simplified expressions for outer loop gust transfer 
functions in a manner similar to that used for expressing outer loop control 
response . 

To illustrate the general approach for obtaining the essential outer 
loop gust response^ consider heave motion due to a horizontal gust component 
with pitch attitude regulation: 
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or, with the addition of cp and \l; regulation; 



if 


-^0 cp '^1/ -^z cp 

■^g^A I I ^ 


« N 


e 9 > cp U 
^B^A I Sp %^A I ^p 


This applies similarly to z/w if we replace u with w munerators • Further, 


x/w , and y/v transfer function relationships can also be so inferred 
and are listed in Appendix A. 


It is advantageous to express the simplified longitudinal and lateral 
equations of motion to reveal generic properties and to compare with the 
complete quasi-static six-degree-of- freedom transfer functions. Following 
the forms used in Section IV, we can write; 


* If yaw regulation is not involved, the vertical dashed line partitions 
the cp- cons trained numerators from the cons trained numerators. 
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Longitudinal- Vertical Equations of Pertiirbed Motion 


or 




-X 

u 


-Z 


u 




0 0 


-Z 

w 


s-Z 


w 


0 



s-X 


u 


-X 


u 


-z 


u 


-Z 

u 


-Z s 
u 



s-x 0 

u 


-Z -Z 

u w 



113 



and, 
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Lateral-Directional Equations of Perturbed Motion 
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Based on the relative magnitudes of predominant stability derivatives, the 
two major outer loop distiirbance transfer functions in the above list are: 


The first of these is of particular interest because of the relative 
importance of height regulation and the likelihood of strong u gust or 
shear components when near the groixnd. In fact, a significant degree of 
z/u sensitivity occurs in a critical range of airspeeds which can contri- 
bute to an adverse pilot-vehicle-gust interaction. 

Reference 29 describes a hypothetical situation for CTOL aircraft 
flying in an altitude- dependent wind shear where a significant level of 
destabilization can occur in closed- loop flight path response modes. The 
relationships are shown in block diagram form in Fig. V-2. A direct 
analogy can be made for a helicopter operating at low altitudes where a 
terrain- dependent wind shear can occur from the wind shadowing effect of 
trees or other obstacles . 

A simple example of pilot- vehicle- gust interaction is shown in 
Fig. V-3. We consider a helicopter hovering in a spatially-dependent 
wind consisting of a linear shear with altitude. If the pilot is simply 
regulating his height, 
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Figure V-2. Closed Loop Aspect of Spatially- Dependent Gusts 
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Figure V-3. Hover in a Spatially-Dependent Wind 


m 




Jl 

u 


g 




Z 

u 




where I/Tq-^ and 1 /Tq^ are the closed loop pilot-vehicle modes dominant in 
surge and heave, respectively- 

The wind shear can act to modify the pilot-vehicle stability as shown in 
the block diagram and root locus plot of Fig. V-3. Note that the stability 
derivative combines with the wind shear gradient Su^/Sh to produce a 
divergence — a feature which can be directly associated with additional 
pilot workload. 

Several factors make the above example interesting: 

• The value of Z_^ is most critical for helicopters 
(approximately -0.2/sec in magnitude) at airspeeds 
of 20 to 30 kt as shown in Fig. V-4- 

• The critical shear corresponds to a headwind 
decreasing with altitude 

• A shear such as this can be found in the altitude 
segment between the gro\md and the top of a canopy formed 
by trees as indicated by wind tunnel velocity profile 
measurements from Ref. 30. 
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Figure V-4. Variation of Z with Airspeed 




BEOTION VI 


AUQMEmTION SYSTEMS 


Of the five vehicles included in the data compilation in Volume One, 
three employ forms of stability and control augmentation systems . The 
examples involved span the range of complexity from a simple mechanical, 
two-axis stability augmentor (UH-IH stabilizer bar) to a three-axis ele- 
tronic rate and attitude feedback with command augmentation and turn 
coordination (CH-55D)- A system having an intermediate degree of com- 
plexity involves angular rate damping about three axes with command 
augmentation (AH-IG). In the following pages we shall describe each of 
the three examples in order of their increasing complexity. Then, we shall 
briefly examine how each augmentation system example influences the basic 
handling qualities by considering the inner loop and outer loop relation- 
ships as described previously in Sections III and IV. 

A« BYSme DEBCRIPnOEB 

Each of the three augmentation systems is described in Volume One by 
a system block diagram and each was implemented in the equations of motion 
accordingly. Some additional discussion of important features, however, 
will aid in our examination of resulting handling qualities . 

1 . UH-IH Stabilizer Bar 

The stabilizer bar enployed by the UH-IH is a mechanical stability 
augmentor which operates at all times. As described in Ref. I 7 the Bell 
stabilizer bar is pivoted to the rotor shaft and coupled with a viscous 
damper. Gyroscopic, inertial, and damping torques are involved, but only 
the last two directly determine feedback angles to the main rotor feather- 
ing controls. 

A derivation of stabilizer bar equations of motion is given in Table 
VI- 1 . From this, it is apparent that the stabilizer bar senses pitch and 
roll rates relative to the main rotor shaft axis, and that by gearing the 
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TABLE VI- 1 . STABILIZER BAR DYMMICS 
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TABLE VI- 1 (Concluded) 
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and 



stabilizer bar directly to main rotor feathering controls, rate feedback 
can be effected. Finally, the lag in rate feedback can be adjusted by the 
time constant in viscous damping between the main rotor shaft and stabilizer 
bar. 


The stabilizer bar equations of motion involve high frequency dynamics 
and some pitch-roll cross coupling. These effects, however, are clearly 
negligible within the constraints of this study. For the normal 524 rpm 
of the UH- 1 H rotor, the natural frequency of the oscillatory mode occurs 
far outside our range of interest at 69 rad/sec. The cross coupling is 
small compared to the direct feedback effect as shown by the following 
stabilizer beir tip path plane modal response ratio; 


c 

%i 

In analyzing the effects of the stabi3_izer bar feedback it is conven- 
ient to take advantage of closed loop analysis methods, especiaily where 
high order equations of motion are involved. For example, to examine the 
effects of the pitch augmentation loop (q^ — on the pilot’s pitch 
response we shall use the following: 


-2 n s 
T(s + -Ik 


-. 01 5 s 

(5 S + 1) 


= 0 


(VI-4) 


BAR ON 






, ^ 
^A^p 


(VI-5) 


where is the stabilizer bar feedback compensation, AB.j/q^. This 
minimizes complication of lateral- directional effects . One further 
simplifying step is to recognize that ^ ^ = K 5^. Hence: 
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(vi-6) 


N; 


.9 . 

5bB13 ... 


and \ = K s u| 


'B^A 


In other words^ only the denominator is modified, and we can make 
direct nse of the tabulated transfer function data in Volume One. The 
roll axis is analogous . 


The effect of the stabilizer bar can be demonstrated by considering each 
response in hover. According to the relationships stated above in Eq. VI-6, 
Eq. VI-5 becomes: 

= 0 


5 ^ 



(vi-7) 


Thus, the 0/Sg numerator is unchanged, hut the denominator does vary. 
The follcwing root locus shows how the denominator is modified by the 
stabilizer bar: 



Oscillatory 
short term 
mode 


Damped 

Phugoid 







Phugoid 
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Damping Bar Time Damping 

Constant 


124 



The phugoid is stabilized by the -washout and speed damping zeros, the pitch 
dajiipiiig mode couples with the stabilizer bar pole and becomes oscillatory. 

This general trend occurs in both pitch and roll axes and for hover and 
forward flight conditions. We shall consider specific resiilts shortly in 
Section VI. B. 

The basic feedback loops involved in the pitch and roll axes can be 
rearranged from Vol-ume One to the following forms shown in Fig. VI- 1 . 

The stabilizer bar provides a lagged angular rate feedback, or alternatively, 
a washed-out attitude feedback. Because of the relatively large time con- 
stant (3 sec) the latter interpretation is perhaps more meaningful. 

2. SCAB 

The AH-1G SCAS involves angular rate feedback and control feedforward 
about all three axes. The nature of compensation, however, varies among 
the axes. 

Fitch Axis . The pitch axis involves feedback and feedforward loops 
as shown in Vol-ume One. The feedback consists of a pitch rate- to- longitudinal 
cyclic path which is compensated to emphasize the mid- frequency region near 
rad/sec, i.e., 


Sis 


q 



(vi-8) 


Hence, the system augments the basic vehicle pitch damping which, in hover, 

• Increases the frequency of the pitch damping mode 

• Decreases the frequency of the phugoid mode 

• Increases the damping of the phugoid mode. 

This is shown in the following comparison of the SCAS off and SCAS on 
0/6g (i.e., transfer functions: 


125 



DDNGITUDIML 



Figure VI-1 . Approximate Equivalent Feedback Loops for UH-IH Stabilizer Bar 
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The Bode root locus plot for each condition is shown in Figs. VI-2 and VI-3. 
Note that the net favorable effect of the longitudinal SCAS is to separate 
phugoid and pitch damping modes and to create a controlled element more 
nearly like k/s. 

In forward flight the AH-1G pitch SCAS also augments pitch damping and 
produces the same general effects as in hover. In fact, the effect of the 
SCAS on pitch response in forward flight is nearly identical numerically 
to that of the hover condition. (Cf. Eq. VI- 12 with VI- 10.) 


Pitch Response in Foiward Flight at 6o kt : 
SCAS Off: 


SCAS On: 
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jo) frequency response 
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Figure VI- 2. SCAS Off Pitch Response (AH-IG in Hover) 
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Fi.gu2*6 VI— 3 * SCAS On Pitch Response (AH— IG in Hovep) 




b. Roll Axis . The AH-IG roll axis SCAS, as in the pitch axis, involves 
feedforward and feedback loops* There is an important difference, however, 
in the form of feedback compensation, i.e., a low frequency washout. 


ij_s ^ K (0)(3.6) 
P " (0.3T)(1) 


(vi- 13 ) 


The result is that, in hover, the lateral phugoid is not improved; in fact, 
it is slightly degraded. But, the ability to dan^ manually the lateral 
phugoid remains effective and, most importantly, roll phase margin is im- 
proved in the region of crossover as shown in the comparative roll response 
Bode root locus plots in Figs. and VI-5. 

In forward flight the lateral SCAB provides the same controlled element 
as in hover, just as did the pitch SCAB. 

Rpn Response in Hover, SCAB On : 
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Roll Response at 60 kt, SCAB On ; 


iL 


'"A 


0,i 


0.48(o)(o.o6)(5.73) 

[-.28;0.19](o.15)[o.75;5-3] 




c. Yaw Axis . The AH-IG yaw axis SCAB is similar in form to the pitch 
and roll axes with a combination of feedforward command augmentation, 
feedback stability augmentation. The feedback loop in the yaw axis consists 
of compensation which is very nearly a washout followed by a lag. 


^TR ^ K (0.04)(3.3) 

r (0.5it-)(0.59) 
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The effect of the yaw SCAS is to augment the yaw damping from approxi- 
mately 0.5 rad/sec to over 2 rad/sec. At forward velocities the yaw SCAS 
follows the pattern of the other two axes in that the essential features 
of the response remain relatively unchanged from that of the hover flight 
conditions . 

Yaw Response in Hover: 


SCAS Off: 
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Yaw Response at 60 kt : 
SCAS On: 
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(VI- 19) 


5 . Ctt.53D SAfl 

The CH-53D employs a number of augmentation devices. In hover the 
aircraft is attitude- stabilized with velocity— ccmnnand— like control in all 
translational axes. At forward speeds of 60 kt and above, attitude 
stabilization remains effective, except during lateral maneuvering, at which 
time roll attitude feedback is dropped and a turn coordination system is 
activated. 
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Pitch Axis . The pitch SAS consists of a pitch attitude feedback 
loop with lead compensation and a longitudinal cycHc stick feedforward 
loop. Pitch damping is not provided by an angular rate feedback of q.; 
rather, an Euler angle rate, 0, is used. This otherwise avoids a pitch 
axis error signal in a steady turn. The net result of the 0 and 0 feed- 
back is to damp the phugoid effectively and to hold pitch attitude. Thus, 
the pilot is relieved of active inner loop regulation in longitudinal 
control of the vehicle. As we shall see shortly, the longitudinal cyclic 
stick with SAS on is essentially a velocity- command control. 

b. Roll Axis . The roll SAS provides roll rate damping and roll attitude 
stabilization in hover and when the pilot's feet are off the pedals at 
airspeeds above 6o kt. If the pilot's feet are on the pedals above 60 kt, 
the roll attitude feedback is anulled, and the conventional roll rate 
damping remains effective. 

At low speeds where roll attitude is stabilized, the lateral cyclic 
stick is essentially a y-coramand control just as longitudinal cyclic is 
an X- command control. 

c* Yaw Axis . The yaw SAS contains elements to: 

• Increase yaw damping 

• Coordinate turns above 6o kt 

• Hold heading (except when the pilot's feet 
are on the pedals ) . 

The first two items are reflected in the compiled data; the third is not 
because the pilot's feet are assmed to be on the rudder pedals, i.e., 
that he is actively maneuvering laterally. 

Yaw damping is provided by washed out yaw rate. Turn coordination, 
when active, involves roll rate and lateral specific force feedbacks. Note 
that the roll rate feedback, in effect, augments the derivative N^ in such 
a sense as to counteract adverse yaw: 

AN^ = Kp = -.0815 X -3.96 = 0.32 (l/sec) 



The feedback yaws the vehicle so as to eliminate any residual lateral 
specific force. 

B. EFFEC!EB ON HANDLING 

The effect of augmentation systems on the various aspects of handling 
qualities can be observed by applying the identical multiloop ana]yrsis 
procedures outlined in Sections III, IV, and V. Specifically, we can 
utilize bhe same transfer function relationships along with appropriate 
loop constraints in order to examine direct control response, cross- 
coupling effects, and gust response in both inner and outer loops. In 
"the following pages the comparative effects on roll axis dynamics are 
discussed for the three augmented vehicles. 

Table VI-2 lists the direct roll attitude response for the augmented 
helicopters in hovering flight. The responses in this table can be 
compared directly to corresponding unaugmented cases in Table III-6. Some 
of the important featitres shown in Table VI- 2 are: 

• Additional modes are evident which can be attributed 
to the dynamics of the augmentation systems (these are 
identified, where possible, by the label "A"). 

• Regulation of pitch and yaw axes has an effect on 
predominant roll modes in the case of the AH-1G and 
UH-1H (where attitude stabilization is not involved). 

• Regulation of pitch and yaw axes does not have a 
significant impact on the roll response of the CH-53D. 

The Bode root loctis plots in Figs. VI-6 throiigh VI-9 further illustrate 
roll response features and compare cases with and without augmentation 
devices. The following discussion considers each vehicle separately. 

1. AH-10 

The SCAB shifts the phugoid to a lower frequency and increases the 
effective roll damping. Recall from the discussion in Section III.B.1 
3rid III.B.2 that such features help to facilitate good attitude regulation. 
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TABLE VI-2. SUEVEY OF APPROXIMATE ROLL AXIS RESPONSE TRANSFER FUNCTIONS 

FOR AUGMENTED VEHICLES (KDVER) 

(Compare with Table III- 6) 

AH-IG ( scab on) UH-1H (WITH STABILIZER BAR) CH-55D (SAS OH 
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Figure VI- 6. Bode Root Locus for Roll 
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Figure VI-7. Bode Root Locus for Roll 
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Figure VI-8. Bode Root Locus for Roll 
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Figure VI- 9- Bode Root Locus for Roll 




The controllability benefits are most prominently displayed by the increase 
in phase margin in the vicinity of 1 rad/sec. Similar effects can be ob- 
served for other flight conditions and for pitch and yaw axes* 


e. UH-1H 

The stabilizer bar significantly alters roll response by (i) damping the 
lateral phugoid and (ii) coupling the roll damping mode with a stabilizer 
bar mode. The resulting Bode root locus plot shown in Big. VI- 7 depicts 
a low frequency drooping tendency in amplitude ratio which ordinarily would 
aggrevate regulation. The degree of the problem is suspected to be some- 
what less in the actual vehicle than in the mathematical models however. 
According to the measured vehicle characteristics reported in Ref. 29 
the control derivative (or is approximately of that modeled 

here. Hence, the high frequency oscillatory mode would be slightly better 
damped = 0.35) Q-^d at a slightly lower natinral frequency (oo = 1 rad/sec). 
Correspondingly less compensation would be required; therefore, the drooping 
tendency in amplitude ratio would be less. The same rationale would apply 
to the pitch axis dynamics which suffer a low frequency droop also. 

Regardless of the problem cited, the stabilizer bar is beneficial in 
increasing the net phase margin (compare the cp^ in Figs. VI-6 and VI-7) 
and in stabilizing and damping the phugoid. The net result is a reduction 
in workload for the pitch and roll axes . 

3. CIt.53D 

Where the AH-1G and UH-1H augmentation systems only tend to stabilize 
and damp the phugoid, the CH-53D augmentation system fully stabilizes roll 
attitujde (as well as pitch attitude and heading) and provides complete 
hands-off stabilization capability. In effect, the roll SAS eliminates 
the need for active roll regulation (a difficult task with SAS off as shown 
in Fig. VI-8) and provides direct outer loop control of lateral position 
and velocity throiigh the lateral cyclic control. We can observe this from 
the closed loop lateral velocity transfer function: 
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i.e., the lateral cyclic stick commands lateral velocity with an open loop 
bandwidth of 0.35 rad/sec. This is a system which permits easy and precise 
regulation of lateral position in the likely range of crossover frequencies. 

Other outer loop controls are improved also. The surge response in 
hover is similar to the lateral response although with a lower bandwidth: 
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In heave^ with roll and pitch SAS on, the basic heave damping prevails, and: 
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SECTION VII 


OONOLUBIONB AND BSOOMMENDATIONB 


In this volmne we have demonstrated procedures for effectively reducing 
coupled longitudinal- lateral- directional equations of motion to forms which 
expose specific features of helicopter handling qualities in a closed- loop^ 
pilot- vehicle context. In so doing we have utilized the compiled data from 
Volume One to form a realistic quantitative frame of reference. Thus beyond 
just a demonstration of methods^ we have also a survey of several handling- 
qualities-related features for a variety of single rotor vehicles . 

It was shown that a general compensatory manual loop structure could be 
applied to the coupled longitudinal- lateral- directional helicopter equations 
of motion with two important results: 

(i) Key handling qualities features in a single loop 

could be examined directly with simple but appropriate 
constraints on other loops . 

(ii) The overall mathematical complexity could be reduced 
from that of the basic vehicle model while retaining 
the significant effects of longitudinsLl- lateral- 
directional cross coupling. 

The examples considered in this study demonstrated these results in the 
cases of basic inner loop vehicle attitude stabilization and outer loop 
translational control. The following is a summary of conclusions and 
recommendations ensuing from this work. 

A. BASIC ANALYTICAL APPROACH 

The analytical approach used herein to examine specific handling qualities 
features consisted of: 

• Selecting a closed- loop transfer function relationship 
which addresses the handling quality feature as directly 
as possible (e.g.^ one direct measure of the quality of 
pitch attitude control can be taken to be the response 
of pitch attitude to longitudinal cyclic stick displacement 
with roll and yaw loops closed) . 
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• Expressing the closed- loop transfer function in terms 
identifiable as (i) strictly vehicle components and 
(ii) combined pilot-vehicle components. 

• Substituting crossover model approximations for the 
combined pilot-vehicle components and taking advantage 
of the simplification ensuing from neglecting higher 
order terms . 

The fortuitous result which makes this procedure useful is that attitude - 
constrained relationships freq^uently predominate, reduce mathematical 
complexity, and enhance physical insight. 

The steps outlined above were used successfully to examine: 


• Direct control response for inner loop states — pitch 
and roll attitude and yaw. 

• Inner loop cross coupling — pitch- due- to- roll, roll- 
due- to-pitch, and turn coordination. 

• Direct control response for outer loop states — 
translational velocity ajid displacement components . 

• Determination of significant inner and outer loop 
gust response components. 

• Augmentation system effects on inner and outer loop 
gust response components. 

• Augmentation system effects on inner and outer loop 
control response. 

In each of these areas it was possible to determine the relative influence 
of various pilot-vehicle loops, determine important vehicle features, and 
estimate the relative success in closing the primary control loops. 
Summaries of some notable examples follow. 


B. PHIMABY OONTRDL BBSPONBE IN THE mm LOOFB 

Primary inner loop control response was analyzed in the presence of 
appropriate off-axis regulation, and it was fo\md that perfect regulation 
of off-axis states is a generally valid assumption. It results in about the 
same net effect on the primary inner loop control response as a moderate 



degree of regulation of off-axis states. As an exainple, open- loop pitch 
response can be expressed simply in terms of ratios of coupling numerators, 


X 


.e. 


} 


0 Cp 



(VII-1 ) 


This formulation carries along, from the pilot ^s point of view, the signifi- 
cant cross coupling effects among ro3JL, pitch, and yaw axes (as described 
by six-degrees -of- freedom eq.uations), and it minimizes mathematical complexity 
(by reducing transfer function order by at least two). As an added feature, 
the roll and yaw pilot model elements in the above example do not appear 
explicitly, but their effects are appropriately imbedded in the pitch 
transfer fxinction. Similar results were obtained for primary control 
response in roll and yaw loops. 

The above analytical procedure also has implications for the formulation 
of handling qualities metrics and for the flight test determination of them. 
The key issue is how one correctly introduces the effects of pilot- furnished 
vehicle control when examining and measuring various stability and control 
features. For example, should open loop pitch response be prescribed and 
ultimately measured in flight with some regulation of roll and yaw? As 
demonstrated in Section III, such off-axis regxilation can modify the handling 
characteristics in the axis under consideration. Further, one might claim 
justifiably that these modified characteristics are more relevant to the 
pilot. Resolution of how and to what extent control strategy should be 
applied in formulating handling qualities metrics and testing for them is 
considered to be a worthwhile task. 


C. AXIS 0B08S OOUFLINO 

The six-degrees-of- freedom models used in this study offered an 
opportunity to explore some of the various closed- loop cross coupling 
effects inherent in helicopters . Roll-pitch cross coupling was one such 
effect considered. Two means of characterizing the closed-loop roll-pitch 
cross coupling effects at low forward speeds were shown to be the modal 
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response ratios representing roll due to a pitch command and pitch due to 
a roll command with yaw motion constrained via pedal control. 
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and 
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^A^p 


(VII- 5) 


Analytically, these relationships were shown to be significant for either 
an exclusively compensatory pilot-vehicle loop structure, or one involving 
additional pursuit crossfeeds to off-axis controls (e.g., a precognitive 
application of lateral cyclic to minimize uncommanded roll response when 
regulating pitch). The magnitude and sense of the closed- loop cross- 
coupling relationships expressed above agree with what is expected in 
specific rotor system types — teetering, articulated, and hingeless. 

Furtheimaore, as in the case of direct control response, implications for 
cross-coupling-related handling metrics and test procedures arise from the 
analysis applied here. These implications involve not only how and when 
manual control strategy should be considered, but also how cross -coupling, 
per se, should be classified and categorized. Pursuant to this, the matrix 
of cross coupling features shown in Table III-10 provides a systematic check 
list of characteristics which could be considered one- at-a- time in a rational 
closed loop context. In turn, this list suggests a form for handling 
qualities design specification and testing. 

D. PRDARY OOKTRDL RBSPOSBE U SHE OUTER LOOPS 

Analysis of outer loop controlled elements was approached in a manner 
similar to that for the inner loop elements . But while the inner loops 
involve a variety of aerodynamic effects dependent on the specific vehicle 
design, the outer loop characteristics are, by contrast, rather invariant. 

The only outer loop control response subject to any significant variation 
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is heave response, which is mainly a function of disc loading and airspeed. 

But even this feature is remarkably similar among the vehicles studied. 

In view of the inherent restriction on outer- loop response properties 
it is somewhat understandable that specific flying qualities requirements 
have not been well established. At the same time it is conceivable that 
a severe M)E operating environment coiild demand a level of outer loop 
response superior to that occurring naturally in the basic helicopter 
vehicle. This would, in tiorn, necessitate the use of additional force 
generation and would require prescribing levels and forms of surge, sway, 
or heave response . 

E. GUST RESPONSE 

The important atmospheric gust induced response components for a heli- 
copter model including longitudinal- lateral- directional cross coupling were 
examined. Closed- loop analysis was applied but was shown to give about 
the same results as simply considering the relative magnitudes of appropriate 
aerodynamic stability derivatives . 

The sensitivity of helicopters to spatially dependent wind shear was 
illustrated by considering the closed- loop interactions among the pilot, 
vehicle, and terrain. Based on the predominant gust derivative, Z^, the 
peak gust sensitivity was found likely to occur at forward velocities of 
approximately 20 kt. This could be critical in an NOE environment if a 
significant headwind component were to exist above tree level and decay 
nearly linearly between the tree tops and ground level (as compared to a 
natural planetary boundary layer logarithmic decay) . Velocity profile data 
from wind tunnel tests suggest that just such a low level wind shear condi- 
tion is possible. It is recommended that not only the hazard potential be 
further studied, but that the necessity for including such effects in manned 
simulation be considered. 



F. EFFECTS OF VEHICLE AUGMEmTION 


For vehicles having the added complexity of stability and control 
augmentation systems, the same procedures described previously were applied. 
Even with the appearance of additional response modes, the resulting 
dynamics were expressed with about the same degree of simplicity as for the 
unaugmented vehicle . This is a significant result and leads to the following 
notion . 

0. APPLICATION TO MORE COMPLEX MATHEMATICAL MODELS 

In this study the unaugmented vehicle equations of motion were limited 
to six-degrees-of- freedom, quasi-static. The complexity of any vehicle 
augmentation was commensurate with the vehicle complexity. It is important 
to recognize, however, that the analysis procedures applied in this study 
lend themselves to system models involving the addition of rotor system 
and structiiral degrees of freedom just as they lent themselves to the 
additional complexity of control augmentation. Therefore, it is recommended 
that these procedures be considered as aids to reducing higher order rotor- 
craft systems to their essential properties within a pilot- vehicle context. 
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APPENDIX 


SUMMARY OF CLOSED-LOOP HELICOPTER 
TRANSFER BTJNCTIONS 


The following tables are presented as a guide to computing various 
pilot-vehicle response quantities using the data compiled in Volume One . 
The relationships listed contain primarily first-order effects. Where 
significant second-order effects are suspected a more thorough derivation 
should be made in the manner illustrated in the foregoing sections of this 
report . 
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INlffiR LOOP PRIMARY CONTROL RESPONSE 
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TABLE A-1 (Concluded) 
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INIffiR LOOP CROSS COUPLING 
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TABLE A-2 (Continued) 
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TABLE A-2 (Concluded) 
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INNER LOOP GUST RESPONSE 
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table a- 
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TABLE A- 5 (Concluded) 
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